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ABSTRACT

The upper member of the upper Precambrian Mount Rogers Formation

of southwestern Virginia includes thick units of massive conglomeratic
mudstone Interpreted as tillite (Rankin, 1970; Blondeau and Lowe,

1972; Blondeau, 1975; Schwab, 1976).

The tillite is composed of

unsorted angular plutonic, metamorphic, volcanic, and sedimentary rock
fragments enclosed within a matrix of sandy hematitic mudstone.

The tillite is interbedded with arkosic sandstone, argillite,
and conglomerate.

Sedimentary structures and textures of these units

suggest deposition by glaciers which protruded from land into a

standing body of water as floating ice.

Glacial drift was deposited

in a large body of water, probably a lake, by piedmont glaciers which
flowed from highland areas on the east and west sides of the basin.

Unstratified tillite was deposited beneath melting floating ice,
while arkosic sandstone and conglomerate accumulated as subaqueous

outwash deposits near the submerged glacial ice front.

Argillite was

deposited in quiet-water areas of the lake.

Five tillite sheets are correlated between three outcrops in
the western part of the study area, based on stratigraphic position

and textural characteristics.
Upper member sedimentary rocks were deposited during a single,

large-scale cycle of subaqueous glacial sedimentation punctuated by

ix

nine periods of ice advance.

Distal varves, turbidites, and stratified

tillite were deposited in the lower portion of the upper member.

These

lithofacies are conformably overlain in the upper portion of the member
by proximal massive argillite, structureless sandstone, and
ified tillite.

unstrat

This stratigraphic succession and overall upward

coarsening of the unit suggest increasing proximality during deposition

of the upper member of the Mount Rogers Formation.

INTRODUCTION

The upper Precambrian Mount Rogers Formation of southwestern

Virginia and northwestern North Carolina includes two units of slightly
to moderately metamorphosed clastic sedimentary rocks separated by a

thick sequence of rhyolitic volcanic rocks.

The upper sedimentary mem

ber contains a sedimentary association suggestive of glacial and peri

glacial deposition.

Interbedded and interfingering conglomeratic mud

stone, rhythmically layered argillite, and arkosic sandstone have been

interpreted as tillite, varves, and glacio-fluvial outwash deposits,

respectively (Blondeau and Lowe, 1972; Blondeau, 1975; Schwab, 1976).
Although these interpretations are apparently correct, detailed

studies of the sedimentology and sequence of events involved in the
deposition of the tillitic units have not been attempted, and the

stratigraphic relationships between tillitic units exposed at widely
separated outcrops is unclear.

The object of this study is to deter

mine the modes of deposition of the tillite and to delineate the his

tory of glaciation recorded within the upper member of the Mount Rogers

Formation.

The area of study is located in Smyth, Grayson, and Washington
Counties in southwestern Virginia.

The narrow outcrop belt strikes

east-northeast for about 20 kilometers (Figure 1).
Stose and Stose (1944) applied the name Mount Rogers Volcanic

Series to this upper Precambrian sequence, and related its origin to
volcanic and pyroclastic processes.
1

Rhythmites of the upper member

2

3
were attributed by Carrington (1961) and King (1970) to cyclic volcanic
activity which produced cyclical wind-borne, water-laid tuffaceous sed

imentary layers.

The unit was renamed the Mount Rogers Formation by

Rankin (1970), who suggested a glacial origin for parts of the upper

member.

More detailed studies of the stratigraphy and sedimentology

of the upper member include those Blondeau and Lowe (1972), Blondeau
(1975), and Schwab (1976).

GEOLOGIC SETTING

The study area is located in the southern Appalachian Mountains,
I

which extend from Virginia to northern Alabama.

The southern Appala

chians can be divided into four major geologic provinces (Figure 2).

These provinces extend north-northeast parallel to the strike of the
Appalachian Mountains and are named, from west to east, the Appala

chian Plateau, Valley and Ridge, Blue Ridge, and Piedmont.

The Appa

lachian Plateau and the Valley and Ridge provinces are sedimentary in
character, whereas the Piedmont is composed of crystalline metamorphic,

metasedimentary, and associated intrusive rocks.

The intervening Blue

Ridge Province displays features common to both of these adjacent

subdivisions.
The Appalachian Plateau consists largely of flat-lying Paleozoic
sedimentary rocks showing only minor localized folding and faulting.

Surface exposures are predominately composed of Pennsylvanian clastic

units and Mississippian shallow marine carbonate rocks.
The Valley and Ridge Province is characterized by a system of

structurally-controlled parallel valleys and ridges.

The ridges are

formed by resistant carbonate and sandstone formations and intervening

valleys are underlain largely by less resistant carbonate and shale

units.

The structure is dominated by a series of low-angle decollement

thrust faults along which the sedimentary cover has been displaced to
the northwest.

The intensity of folding and the age of the surficial

rocks decrease toward the northwest.

4

Carbonate-shale sequences

5

Figure 2

Geologic

Provinces

of

the Appalachian

Mountains
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dominate in the northwest, giving way to sandstone-shale sequences in

the southeast (Murray, 1961).
The Piedmont, easternmost of the four physiographic provinces of
the Appalachian Mountains, is the most intensely metamorphosed and

structurally complex area in the Appalachian framework.

It is composed

of metamorphosed eugeosynclinal sedimentary rocks and associated vol

canic and pyroclastic units which overlie a basement complex composed

of gneissic metamorphic rocks and granitic plutons having a radiometric
age of about 1,100 million years (Tilton, et al., 1958).

Paleozoic

granitic and mafic intrusive rocks are common throughout the Piedmont.
Deformation and metamorphism of the area has taken place repeatedly;

Hatcher (1972) found evidence of metamorphic and igneous activity in
the late Precambrian, early to middle Paleozoic, and late Paleozoic.
Structural deformation includes overturning and thrusting of rocks,

primarily toward the northwest.

mont is the Brevard Zone.

The northeastern boundary of the Pied

This structure, which runs the length of the

Southern Appalachians, has been interpreted as a suture formed by the
late Paleozoic collision of the continents of North America and Africa.

The Blue Ridge Province, in which the study area is located, is

situated between the Piedmont and the Valley and Ridge Provinces and
shows features characteristic of both.

Like the Piedmont, the Blue

Ridge Province has a crystalline basement composed of Grenville gran

ites and gneisses with associated metasedimentary and metavolcanic
rocks.

This basement is overlain by upper Precambrian and lower Paleo

zoic miogeosynclinal sedimentary rocks which have moved northwestward

along large thrust faults, similar to those in the Valley and

7

Ridge Province.

Between the Precambrian basement complex and the Paleozoic sedi

mentary rocks is a discontinuous series of upper Precambrian sedimen

tary and volcanic units which have experienced low to high grade meta
morphism.

The sedimentary rocks are mainly texturally and mineralogi

cally immature terrigenous clastics.

position from felsic to mafic.

The volcanic rocks range in com

The contacts of these upper Precambrian

units with the underlying crystalline basement are unconformable,
whereas the upper contacts with Paleozoic rocks are gradational in

some areas and unconformable in others.
The dominant structural feature of the Blue Ridge Province is a

broad, complex fold which strikes north-northeast and has been termed
the Blue Ridge Anticlinorium (Figure 3).

The core of the anticlinorium

consists of Grenville age Precambrian plutonic and metamorphic rocks

with numerous infolded upper Precambrian and lower Paleozoic metasedi-

mentary and metavolcanic units.

The northwestern and southeastern

limbs of the fold include upper Precambrian and lower Paleozoic meta
morphosed sedimentary-volcanic associations.

The upper Precambrian

sedimentary assemblages include the Mount Rogers Formation, the Ocoee

Supergroup, and the Grandfather Mountain, Ashe, Lynchburg, Mechum
River, Swift Run, and Catoctin Formations (Figure 3).
The Mount Rogers Formation crops out on the northwestern limb of

the Blue Ridge Anticlinorium (Figure 4) in an area laced with low-angle

thrust faults (Figure 5).

The Holston Mountain Fault forms the bound

ary between the Valley and Ridge Province and the Blue Ridge Province,

and the Iron Mountain, Catface, and Stone Mountain Faults divide the

1. Mount Rogers

Formation

2. Ashe Formation

3 Grandfather Mountain

Formation

4. Ocoee Supergroup

5. Lynchburg Formation
6. Mechum River Formation
7. Swift Run Formation
8. Catoctin

Formation

Figure 3
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area into a series of overlapping thrust sheets (Figures 5 and 6).

The Mount Rogers Formation is exposed on three of these thrust sheets:

the Blue Ridge, Buffalo Mountain, and Shady Valley Thrust Sheets

(Rankin, 1970; Blondeau and Lowe, 1972; Blondeau, 1975).

The upper

member of the Mount Rogers Formation is exposed on two of these
thrust sheets (Figure 3).

The outcrops at Green Cove, Summit Cut,

and Big Hill are situated on the Blue Ridge Thrust Sheet, whereas the

remaining outcrops examined in this study are situated on the Shady

Valley Thrust Sheet.

Exact palinspastic reconstruction of the study

area is not possible, and the amount of displacement between the Blue
Ridge and Shady Valley Thrust Sheets is unknown.

Structural

Generalized
(sec

Figure

5

for

location

Cross
of

A-A1)

Section

of

modified

the
from King

Study
and

Area

Ferg u s o n (196 0)

Figure 6
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REGIONAL STRATIGRAPHY

The Cranberry Gneiss forms the basement core of the Blue Ridge
Anticlinorium in northwestern North Carolina and southwestern Virginia.

It is composed largely of quartz, microcline, and plagioclase in a
matrix of biotite and sericite.

Less metamorphosed rocks range from

granite to diorite in composition, with quartz monzonite being most
common (Rankin, 1970).

Radiometric dating of the Cranberry Gneiss

gives a date of formation of about 1.05 billion years (Davis, et al.,
1962).

Mount Rogers Formation
The Mount Rogers Formation crops out along the northwest side of

the Blue Ridge Anticlinorium (Figure 3).
(1970) into three unnamed members:

It has been divided by Rankin

a lower sedimentary and volcanic

sequence, a middle volcanic sequence, and an upper sedimentary sequence

containing minor amounts of volcanics.
The lower member is composed largely of conglomerate with a muddy

matrix, greywacke, and laminated siltstone and shale.

Grays and green

ish grays are the dominant colors found in the lower member.

The lower

contact of the lower member has been described as a nonconformity be

tween the sedimentary rocks and the underlying igneous and metamorphic
rocks of the Cranberry Gneiss (King and Ferguson, I960: Rankin, 1967,
1970).

The overlying middle member attains a thickness of approximately
13
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1500 meters and represents about half of the total thickness of the

Mount Rogers Formation.

Rhyolitic lavas and subaerial ash-flows make

up most of the member; minor amounts of latite and basalt have also
been noted (Blondeau, 1975).
The upper member of the Mount Rogers Formation includes a diverse

association of clastic sedimentary rocks.

Most of the sedimentary

rocks are texturally immature, and all are compositionally immature.
Arkosic sandstone, polymict conglomerate, rhythmically layered argil

lite, greywacke, conglomeratic mudstone, and quartz pebble conglomerate
are present in the study area.

basalt, are also present.

Minor amounts of volcanics, chiefly

The contact between the upper member of the

Mount Rogers Formation and the overlying Chilhowee Group is conformable
and unfaulted within the study area (Rankin, 1970; Blondeau, 1975).

Overlying the upper member of the Mount Rogers Formation are rocks

of the Chilhowee Group of early Cambrian (?) to early Cambrian age.

In

northeastern Tennessee and southwestern Virginia the Chilhowee Group is

divided into the Unicoi Formation, Hampton Formation, and Erwin Forma
tion, according to King and Ferguson (1960).

These formations are

dominated by quartzite, but include units of siltstone, shale, and, near

the base, arkosic sandstone (Espenshade, 1970).

In the Mount Rogers area

basaltic lava flows are present at the base of the group (Blondeau,

1975).

Brown (1970) suggests that the Chilhowee Group was deposited in

shallow marine and coastal environments.

Paleocurrent analysis by

Whisonant (1974) indicates that Chilhowee sediment was transported
eastward from source areas to the west into an unevenly subsiding mar
ginal basin and a slowly sinking shelf.

The Chilhowee Group grades
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upward into the carbonates and shales of the Cambrian Shady Dolomite
and Rome Formation.
The Mount Rogers Formation has been assigned a late Precambrian
age by a number of workers (Jonas and Stose, 1939; Stose and Stose,

1957; King and Ferguson, 1960; Rankin, 1967; Blondeau and Lowe, 1972;
Blondeau, 1975; Schwab, 1976).

It unconformably overlies the Precam

brian Cranberry Gneiss, dated by Davis and others (1962) at 1.05
billion years old.

The upper contact of the Formation is generally

conformable with the overlying Chilhowee Group, considered to be early

Cambrian (?) to early Cambrian in age.

The Hampton Formation of the

Chilhowee Group is known to contain the worm tube Scolithus, and the

overlying Shady Dolomite is unquestionably of Cambrian age based on

the presence of Olenellus hydlithus (King and Ferguson, 1960).

Radio-

metric dating of zircons gives an age of 820 million years for rhyolite

of the middle member of the Mount Rogers Formation (Rankin, et al.,
1969).

Because the upper member contains clasts of middle member rhyo

lite, those sedimentary rocks must be as old or younger than the under
lying volcanics.

The stratigraphic position of the Mount Rogers Forma

tion between a Precambrian basement and lower Cambrian sedimentary

rocks and the dating of middle member rhyolite at 820 million years
thus firmly establishes the late Precambrian age of the Mount Rogers

Formation.
Within the Blue Ridge Province of the southern Appalachians there
are several upper Precambrian stratified assemblages correlative with

the Mount Rogers Formation which lie between Grenville plutonic and
metamorphic basement and lower Paleozoic sedimentary sequences.

These
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units include the Ocoee Supergroup of northern Georgia, western North

Carolina and eastern Tennessee; the Grandfather Mountain Formation of

western North Carolina; the Ashe Formation of northwestern North Caro
lina and southwestern Virginia; and the Catoctin, Lynchburg, Mechum

River, and Swift Run Formations of western Virginia and western Mary

land (Figure 3).

Swift Run Formation

The Swift Run Formation is a sequence of interbedded clastic
sedimentary rocks, basalt, and pryoclastic rocks exposed in Maryland
and Virginia along the northwestern and southeastern limbs of the Blue

Ridge Anticlinorium.

The sedimentary rocks include greywacke, arkose,

quartzite, conglomerate, and shale; crossbedding and graded bedding are

noted (Bloomer and Werner, 1955).

Brown (1970) suggests that the unit

is a shallow water deposit of a westward-advancing late Precambrian

sea.

The sedimentary units within the formation attain a maximum thick

ness of 35 meters, and are thought to represent an eastward extension

of the uppermost Lynchburg Formation (King, 1970).

Lynchburg Formation

A thick sequence of clastic sedimentary rocks which have undergone
greenschist to epidote-amphibolite metamorphism (Turner, 1948) was
named the Lynchburg Formation (Jonas, 1927) for a 3000 meter exposure

near Lynchburg, Virginia, on the southeastern limb of the Blue Ridge
Anticlinorium.

The original sedimentary rocks included a basal conglom

erate, siltstone, shale, and greywacke (Bloomer and Werner, 1955).
Rhythmic alternations of sandstone and shale, graded bedding, and

17

possible slump structures suggest that the Lunchburg sediments were of

flysch origin (Brown, 1970).

The Lynchburg Formation, like its shallow

water equivalent, the Swift Run Formation, unconformably overlies

middle Precambrian crystalline rocks and grades upward into the Catoctin
Formation.

Catoctin Formation
A period of prolonged volcanism during late Precambrian time is
marked by the greenstone or metabasalt of the Catoctin Formation.

The

unit crops out on both sides of the Blue Ridge Anticlinorium from
southern Pennsylvania to southern Virginia.

The occurrence of inter

bedded arkose and greywacke led Bloomer and Werner (1955) to the con
clusion that the basalt exposed on the southeastern limb represents sub
aqueous flows, while Reed (1955) noted the presence of columnar joint

ing and concluded that the greenstone of the northwestern limb repre

sents subaerial plateau basalt.

Mechum River Formation
Clastic sedimentary rocks of the Mechum River Formation crop out

in the Batesville Syncline, a narrow structural infold within the core
of the Blue Ridge Anticlinorium.

The unit, which attains a thickness

between 500 and 1000 meters, consists of conglomerate, sandstone, silt

stone, and mudstone which have been intensely metamorphosed and deformed
(Schwab, 1974).

Sedimentary structures observed within the coarse

lithologies include large and small scale crossbedding, particularly
festoon crossbedding, and cut-and-fill structures, horizontal lamina
tions, graded bedding, and pebble imbrication (Schwab, 1974).

The

18
succession and orientation of sedimentary structures and the texture
and composition of the rocks led Schwab (1974) to conclude that the

Mechum River Formation is an alluvial fan deposit of streams which
eroded an uplifted granitic-metamorphic source terrane to the north

west and northeast.

Ashe Formation
Situated on the southeast limb of the Blue Ridge Anticlinorium
opposite the Mount Rogers Formation is the extremely thick sequence of
metasedimentary and metavolcanic rocks of the Ashe Formation.

Mica

gneiss, schist, and amphibolite are present representing pelitic
materials and basalt which have been altered to the amphibolite grade
of metamorphism.

The Ashe Formation nonconformably overlies the Cran

berry Gneiss, and is thought to be a thicker and finer-grained facies

of the Mount Rogers Formation (Rankin, 1970).

Grandfather Mountain Formation
Low-grade metasedimentary and metavolcanic rocks of the Grand

father Mountain Formation are exposed in a thick section in north
western North Carolina.

Rankin (1970) interpreted the unit as an inter

mediate facies between the shallow water to subaerial Mount Rogers
lithologies to the northwest and the deep water Ashe lithologies to the

southeast.

The Grandfather Mountain Formation contains conglomeratic

lenses, arkosic sandstone, pebbly mudstone, and rhyolite, an assemblage

similar to parts of the Mount Rogers Formation, as well as basalt,
siltstone, and greywacke which are similar to the Ashe Formation.

The

Grandfather Mountain sedimentary rocks closely resemble those of the

19

Snowbird Group of the Ocoee Supergroup to the southwest (King, 1970).

Hadley (1970) suggests that the Grandfather Mountain Formation might

be transitional between the landward facies of the Mount Rogers Forma

tion and the deep water facies of the Snowbird Group.

Schwab (1977)

analyzed composition, texture, and sedimentary structures of Grand
father Mountain sedimentary rocks and concluded that they were deposited

within an alluvial fan.

Ocoee Supergroup
The Ocoee Supergroup, consisting of the Snowbird, Walden Creek, and

Great Smoky Groups, is an extremely thick sequence of upper Precambrian
metasedimentary rocks cropping out in the Great Smoky Mountains and
adjacent areas of easternmost Tennessee and westernmost North Carolina.

Although previous authors

(King and Ferguson, 1960) state that the

Ocoee Supergroup lacks interbedded volcanics which characterize corre

lative units to the northeast, Drennen (1976) suggests that volcanism
occurred during Ocoee time, based on the inferred presence of tuffa

ceous subarkose in the lower Snowbird Group.

The grade of metamorphism

of Ocoee rocks increases from lower greenschist in the northwest to
amphibolite in the southeast.
ment is unconformable.

The contact with the Precambrian base

The uppermost Ocoee rocks grade into the over-

lying Chilhowee Group in most places.
The basal Snowbird Group consists of coarse-grained arkose and

quartzite grading upward into finer-grained sandstone and siltstone.
Crossbedding, grain-size variations, and degree of textural maturity
indicate westward transport of sediment from a plutonic-metamorphic
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source area.

The Snowbird Group is overlain in the northwest by the

Walden Creek Group and in the southeast by the Great Smoky Group.
King (1970) interprets the silty to sandy argillite, siltstone, fine -

to coarse-grained sandstone, conglomerate, argillaceous limestone, and
dolomite of the Walden Creek Group as shallow-water shelf deposits.
The sedimentary rocks of the Great Smoky Group are coarse-grained

feldspathic sandstone and greywacke interbedded with siltstone and

Graded bedding, a characteristic structure of the sandstone,

shale.

and the greatly increased thickness of the unit as compared to the
Walden Creek Group to the west suggest that the Great Smoky Group is

of deep-water origin, deposited largely by turbidity currents moving
toward the south and east (Hadley, 1970).

Units on the northwestern flank of the Blue Ridge Anticlinorium,

such as the Swift Run and Mount Rogers Formations and the Walden Creek
Group, are apparently shallow water to subaerial deposits.

The very

thick Lynchburg and Ashe Formations exposed on the southeastern flank
of the anticlinorium may represent deeper water correlatives of these

units.

Current structures within these units substantiate a general

eastward direction of sediment transport.

Within the Ocoee Supergroup,

however, current structures are reversed, and the predominantly coarse

grained Great Smoky Group is exposed on the southeast flank of the
anticlinorium.

In all units the sediment is supplied by the Precambrian

basement complex, along with penecontemporaneous volcanic units.

A period of rapid sedimentation in a series of tectonically-con
trolled basins bordering the late Precambrian continental mass is

apparently recorded within these units (Hadley, 1970).

STRATIGRAPHY OF THE UPPER MEMBER OF
THE MOUNT ROGERS FORMATION

Lithology

The upper member of the Mount Rogers Formation includes a diverse

association of sedimentary rocks.

Arkosic sandstone, polymict conglom

erate, rhythmically layered argillite, greywacke, conglomeratic mud

stone and quartz pebble conglomerate are present in the study area,
but no individual outcrop displays all of these lithologies.

Although

the sequence of units varies considerably from outcrop to outcrop, cer
tain trends are noteworthy (Blondeau and Lowe, 1972; Blondeau, 1975)
(Figure 7).

Conglomeratic mudstone occurs mainly in the upper part of

the member.

The quartz pebble conglomerate always occurs near the upper

part of the section, above the uppermost conglomeratic mudstone, and a

unit of arkosic sandstone is usually found below the lowermost conglom
eratic mudstone.

Greywacke is interbedded with rhythmically layered

argillite in the lower part of the section.

Interbedded basalt flows

occur in the easternmost section, near Troutdale, Virginia (Figure 1).

The following lithologic descriptions of upper member sedimentary
rocks are taken largely from Blondeau (1975).

The conglomeratic mud

stone was sampled and examined in detail in this study, but other upper

member lithologies were not sampled.

Measurements of thickness were

made and sedimentary structures were examined in these units interbed
ded with the conglomeratic mudstone, however.

Arkosic Sandstone
Arkosic sandstone is one of the most abundant constituents of the
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SECTION CONTAINING MOUNT
(from Troutdale locality)

ROGERS

TILLITE
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Quartz pebble Conglomerate.

Medium to coarse-grained arkosic
sandstone.
Massive maroon tillite.
pebble types
include granite, granitic gneiss,
schist, rhyolite, basalt, vein
quartz, and shale .

Massive and structureless arkosic
sandstone.

Matrix-supported , clay-rich tillite.
Moderately sorted arkosic sandstone.
Grains are generally angular to
subangular.
Thick unit of tillite which is commonly
heavily weathered.
pebble content
of Mount Rogers tillites varies
between 2 and 30%, averaging 15%;
sand content varies between 12 and
65%, averaging 35%; silt and clay
content varies between 35 and 99%,
averaging 50%.

Finely laminated maroon claystone.
Tillite containing angular to rounded
pebbles commonly exceeding 10 cm
in diameter.

Clay-rich arkosic sandstone.
Thin unit of tillite.
Pebbles display
random orientation.
Thick, widespread unit of buff-colored
arkosic sandstone.
Massive tan-colored claystone.
Figure 7

23
upper member.

The sandstone is poorly sorted and consists of angular

to subangular grains of quartz, feldspar, magnetite, and volcanic and

sedimentary rock fragments in a clay-rich but grain-supported frame

work.

The grain size is typically medium to coarse, although finer,

less arkosic, and better sorted sandstone beds occur near the top of

the section.

Beds of arkosic sandstone display good lateral continuity

and are generally between 5 and 10 meters thick, although units up to

40 meters in thickness occur.

Bedding is usually massive, but sedi

mentary structures where present include large and small-scale cross

bedding, especially festoon crossbedding; flat laminations; ripple
marks; and graded bedding (Blondeau, 1975; Schwab, 1976).

Previous

workers (Blondeau and Lowe, 1972; Blondeau, 1975; Schwab, 1976) have
suggested that the arkosic sandstone was deposited in a glacio

fluvial environment.

Rhythmically Layered Argillite

The rhythmically layered argillite is made up of distinct couplets
which include a basal layer of gray siltstone, having a sharp basal

contact, grading upward into maroon claystone (Figure 8).

The silt

layers are generally thinner than the overlying clay layers.

Sorting

is poor within the silt layers, but clay layers display a more uniform
grain-size distribution.

angular.

Particles comprising the silt layers are quite

The rhythmites are dominated mineralogically by quartz,

microcline, plagioclase, muscovite, and hematite (Blondeau, 1975).
Individual couplets are laterally continuous and of uniform thickness

over long distances.

Couplets range in thickness from 1 millimeter to
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Figure 8.

Rhythmically Layered Argillite
Rhythmic alternations of sand and silt layers
with clay layers.

A.

Thick couplets consisting of light-colored
silt layers grading upward into dark-colored
clay layers. From unnamed section on
Virginia Route 603 about 4 kilometers west of
Grindstone Camground.

B.

Thin couplets with abundant sand and gravel in
the coarser layer. From Creek Junction
section.
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4 centimeters; the average thickness is approximately 1 centimeter.

Crossbedding is not observed within the silt layers due to their fine
grain size, but graded bedding is apparent within the couplets.

These

couplets have been interpreted as glacial varves (Blondeau and Lowe,
1972; Blondeau, 1975; Schwab, 1976).

The couplets commonly contain widely-spaced, large, angular to
rounded clasts up to 1 meter in diameter (Blondeau, 1975; Schwab,
1976)(Figure 9).

Most of the clasts are basement-derived granite and

gneiss, although rhyolite, basalt, and vein quartz are also present
(Blondeau, 1975).

The larger clasts penetrate and deform the underly

ing layers, and the overlying layers are draped over the clasts.

Many

of these clasts have diameters which are greater than the thickness of
the couplets in which they occur, and are thus "outsized clasts" (Har

land, et al, 1966).

The presence of outsized clasts is strong evidence

that ice rafting was the mechanism of deposition of the coarse material.

Greywacke

Thick massive units of graded sandstone are found interbedded with
the rhythmically layered argillite.

These feldspar-rich sandstone beds

contain 35 to 60 percent argillaceous matrix (Blondeau, 1975) and are
thus feldspathic greywacke according to Pettijohn, et al (1973).

Grain

size within the sandstone ranges from clay through coarse-grained sand

sized material, and sorting is very poor.
lar to subangular.

Most of the grains are angu

Quartz and feldspar are the most common detrital

minerals, along with lesser amounts of magnetite and muscovite; the
matrix consists of recrystallized clay minerals and chlorite (Blondeau,
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Figure 9.

Outsized Clast
The diameter of the leucocratic plutonic clast
exceeds the thickness of the individual couplets.
Note the deformation of underlying layers.
From Creek Junction section.
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Shale rip-up clasts are common in the lower parts of the beds.

1975).

Basal contacts are sharp and flat, except where loading has occurred,
and the beds frequently display a massive graded basal interval over-

lain by flat-laminated and cross-laminated units.

The thickness of

the individual graded units ranges up to 2.5 meters, but averages

approximately 0.5 meters.

The sandstone beds display good lateral

continuity and are generally uniform in thickness.

These graded sand

stone beds, interbedded with quiet water varved deposits, have been
interpreted as turbidites (Blondeau and Lowe, 1972; Blondeau, 1975;

Schwab, 1976).

Polymict Conglomerate

Polymict conglomerate is a minor constituent of the upper member,
occurring in two thick units near the eastern end of the outcrop belt

and in three thin units in the westernmost outcrops.

The conglomerate

is a mixture of pebbles and cobbles and coarse-grained arkosic sand
stone.

The clasts are moderately well-sorted; the largest clast within

the conglomerate measured 32 centimeters, but most are between 2.5 and

10 centimeters in diameter.

The clasts are composed predominately of

granite, granitic gneiss, and vein quartz derived from the Cranberry

Gneiss and rhyolite derived from the underlying middle volcanic member.

Basalt and shale form trace constituents in most outcrops.

The units

are lensoid, and festoon crossbedding and cut-and-fill structures are
noted in some of the units (Blondeau, 1975).

The polymict conglomerate

is thought to have been deposited in a high-energy alluvial environment
(Blondeau and Lowe, 1972; Blondeau, 1975; Schwab, 1976).
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Conglomeratic Mudstone
Conglomeratic mudstone, the subject of the present study, is com
posed of sand- through boulder-sized particles floating in a red- to

maroon-colored hematitic silt- and clay-sized matrix (Figure 10).

types of conglomeratic mudstone are present in the study area:

Two

most

is massive and unstratified, but locally some conglomeratic mudstone
displays crude stratification.

The clasts range up to 52 centimeters

in diameter, and most are subangular to angular.

They comprise

much as 25 percent of individual beds, but make up, on the average,
between 10 and 15 percent of the conglomeratic mudstone.
Granite and granitic gneiss are the dominant rock types within

the unit, making up 60 to 90 percent of the clasts in most beds.
Clasts of rhyolite comprise 10 to 15 percent of the pebbles, and basalt
and shale usually account for less than 5 percent of the clasts.

The

sand fraction is dominated quartz and feldspar, with minor amounts of
magnetite and zircon.

The matrix consists of hematite, illite, and

kaolinite (Blondeau, 1975).
The conglomeratic mudstone is found in massive beds averaging 25
meters in thickness, but ranging up to 88 meters.

continuous within the scale of the outcrops.

Beds are laterally

No sedimentary structures

were observed within the conglomeratic mudstone.

In outcrop the conglomeratic mudstone is quite often heavily
weathered and roadcuts are frequently covered with soil and vegetative

cover.

Continuous exposures of well-lithified conglomeratic mudstone

are rare; the most complete sections of well-lithified conglomeratic
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Figure 10.

Conglomeratic Mudstone
Note the poor sorting, large range of grain sizes,
and unstratified nature of this conglomeratic
mudstone from the Discovery section.
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Figure 11.

Sorting of Conglomeratic Mudstone

Note the poorly-sorted nature of this
conglomeratic mudstone. Grain types include
quartz (a), orthoclase (b), and microcline (c).
Matrix is massive hematitic clay. Sample GC-4,
115X, crossed nicols.

185 u
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mudstone are exposed at the Green Cove and Creek Junction outcrops

(Figure 1).

Some conglomeratic mudstone displays spheroidal weather

ing (Figure 12).
The conglomeratic mudstone of the upper member of the Mount Rogers

Formation has been interpreted as tillite (Rankin, 1970; Blondeau and

Lowe, 1972; Blondeau, 1975; Schwab, 1976).

Although various mass move

ment deposits, notably debris flow units, consist of poorly sorted
debris in a fine-grained matrix, the association of conglomeratic mud
stone with varved argillite containing outsized clasts and sandstone of

probable glacio-fluvial origin suggests a tillitic origin for the con
glomeratic mudstone.

Quartz Pebble Conglomerate
The quartz pebble conglomerate is composed of well-rounded pebbles

of vein quartz in a matrix of arkosic sandstone.

Interbedded units of

arkosic sandstone occur throughout the conglomerate.

The clasts range

up to 12 centimeters in diameter, but average between 1.25 and 2.5
centimeters (Blondeau, 1975).

Between 75 and 90 percent of the clasts

are composed of white vein quartz.

The remaining clasts include chert,

feldspar, and various rock fragments (Blondeau, 1975).

Layers rich in

quartz pebbles are generally between 3 and 5 meters in thickness

(Blondeau, 1975) and are laterally continuous.

Festoon crossbedding

and cut-and-fill structures occur within the conglomeratic layers, and

the clasts often display a crude imbrication.
The textural and compositional maturity of the quartz pebble con

glomerate is much greater than in other upper member lithologies.

Where

as granite, granitic gneiss, and rhyolite dominate the coarse fraction
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Figure 12.

Spheroidal Weathering

Note the spheroidal weathering of this large
mass of conglomeratic mudstone from the
VA 741 section.
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of other upper member units, vein quartz is the most abundant coarse
constituent of the quartz pebble conglomerate.

Sedimentary structures

indicate sediment transport from the north and reflect the growing

influence of the North American craton during last Mount Rogers and

Chilhowee time (Blondeau, 1975).

Metamorphism

Mount Rogers sedimentary rocks have been metamorphosed to green
schist facies.

Recrystallization of matrix clay to muscovite and

chlorite is widespread (Figure 13), indicating greenschist metamorphism.

Dynamic metamorphism has affected the sedimentary rocks of the
upper member of the

Mount Rogers Formation.

atic mudstone display well-developed cleavage.

Argillite and conglomer
These clay-rich units

fracture along high-angle fracture surfaces, producing triangular

masses (Figure 14).

Dynamic metamorphism is also evidenced by parallel

orientation of recrystallized phyllosilicate matrix minerals (Figure

13).

In addition, the preferred orientation of pebbles observed in

Mount Rogers tillites (Figure 15) is believed to be due to reorienta
tion during dynamic metamorphism.
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Figure 13.

Matrix recrystallization in Mount Rogers tillite.

Note recrystallization and development of
preferred orientation of matrix clays in Mount
Rogers tillite.
A.

Sample SC-03, 115X, uncrossed nicols.

B.

Sample SC-03, 328X, uncrossed nicols.
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Figure 14.

Cleavage in Mount Rogers tillites.

Note the formation of triangular masses of
tillite due to high-angle fractures suffered
by the unit during dynamic metamorphism.
A.

Troutdale section.

B.

Fire and Brimstone section.
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Figure 15.

Pebble orientation in Mount Rogers tillite.

Note the preferred orientation of pebbles
in these tillites.

A.

Pebble-rich tillite, Green Cove section.

B.

Pebble-poor tillite, Green Cove section.
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EVIDENCE OF LATE PRECAMBRIAN GLACIATION

There is abundant evidence which suggests that a period of wide

spread glaciation occurred during late Precambrian time (Harland and
Rudwick, 1964; Girdler, 1964; Wilson and Harland, 1964).

Although

several upper Precambrian pebbly mudstones originally interpreted as
tillites have been subsequently attributed to mass flow phenomena

(Winterer, 1964; Chumakov, 1965), the widespread distribution of rocks
of accepted glacial origin suggests extensive late Precambrian

glaciation on a nearly worldwide scale.

Upper Precambrian tillites have been identified on all continents
except Antarctica.

In North America, upper Precambrian glacial de

posits are found in the Mineral Fork Formation of northeastern Utah
(Blackwelder, 1932; Crittenden, et al., 1952; Crittenden, et al. , 1971),

the Dutch Peak Tillite of central Utah (Cohenour, 1959; Crittenden,

et al., 1971), an unnamed sequence in northern Utah near Huntsville
(Crittenden, et al., 1971), the Pocatello Formation of Idaho (Critten
den, et al., 1971), the Kingston Peak Formation of the Pahrump Group of

California (Hazzard, 1937; Troxel, 1968), and the Mount Rogers Forma
tion of Virginia (Rankin, 1967, 1970; Blondeau and Lowe, 1972; Blon

deau, 1975; Schwab, 1976).

Upper Precambrian tillites of eastern

Greenland (Schaub, 1950), Scotland (Anderson, 1954; Kilburn, et al.,
1965), Norway (Spjeldnaes, 1965), Sweden (Kulling, 1951), and Spits

bergen (Wilson and Harland, 1964) record European glacial activity
during the late Precambrian.

Glaciation of Asia during that time is

evidenced by the occurrence of tillites in Siberia (Tchurakov,
41

1932)
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and China (Kobayashi and Shikama, 1961).

The continents of the southern

hemisphere were also glaciated during the late Precambrian.

Olivera

(1956) and Almeida (1970) note the deposition of upper Precambrian
tillites in Brazil, and Mawson (1948) and Dow and Gemuts (1969) report

the occurrence of Australian tillites deposited between 610 and 770
million years ago.

Upper Precambrian glacial deposits of Africa

include tillites of South West Africa (Martin, 1965; Kroner, 1971),
Zaire (Cohen, 1970), and Uganda (Davies, 1939).
Harland and Rudwick (1964) proposed two hypotheses to explain the

widespread distribution of upper Precambrian tillites.

They suggested

that either thick accumulations of ice spread over the continents, ex

tending to low latitudes, or that rapid polar wandering took place
during the late Precambrian.

McElhinney, et al. , (1974) examined paleo-

magnetic data and concluded that very rapid polar wandering occurred

between 600 and 900 million years ago.

The authors further suggested

that late Precambrian glaciations were high latitude glacial events
which were initiated as the poles migrated over the ancient continental

masses.
Because non-glacial evidence of a worldwide late Precambrian cli
matic cooling is lacking, a hypothesis involving rapid polar wandering
better accounts for the widespread distribution of upper Precambrian

tillites.

Climatic cooling due to changes in oceanic circulation pat

terns has been suggested as a means by which glacial activity is initi

ated.

However, the spatial distribution of the continents and accom

panying patterns of oceanic circulation during the late Precambrian

are so poorly documented that this theory is difficult to apply to
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upper Precambrian glacial deposits.

Rapid polar wandering thus best

explains the widespread distribution of upper Precambrian tillites.

PROCESSES OF TRANSPORT AND DEPOSITION
WITHIN GLACIAL ENVIRONMENTS

Although previous interpretations of upper member Mount Rogers
sedimentary rocks have called on a glacial-periglacial environment of

deposition, the various lithologies have not been related to specific
processes and sub-environments.

Because this work attempts to detail

such relationships and to investigate the stratigraphy and possible
correlations within the member, a brief review of processes of trans

port and deposition within glacial and periglacial environments is
necessary.

Within the glacial realm, ice is the dominant geologic agent.
Ice is responsible for the erosion, transportation, and deposition of

large volumes of clastic material.
fall during the winter months.

Ice is added to glaciers by snow

As thick masses of snow accumulate,

overburden pressure causes the ice to recrystallize into more compact,
granular ice, termed nev£.

This granular ice is composed of inter

locking grains with small mounts of interstitial water which greatly
facilitates deformation and flow of glacial ice.

When a sufficient

thickness of neveZ is formed, increased overburden pressure causes ice

movement to occur at or near the foot of the glacier.

Flow occurs by

means of plastic deformation of ice along subhorizontal thrust planes

in the lower parts of glaciers

(Tricart, 1970; Boulton, 1971).

This

process may be accompanied by sliding of glacial ice over the bed

when subglacial meltwater is present (Tricart, 1970).
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The term
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"wet-base glacier" was used by Carey and Ahmad (1960) to denote ice

movement which is aided by sliding of the base; they applied the term
"dry-base glacier" to glaciers which are frozen to the substrate and

deform only by ice shear.

Wet-base glaciers deposit large volumes of

subglacial till, but dry-base glaciers do not deposit their sedimen
tary load.

Factors influencing the rate of flow of glaciers include ice

thickness, the temperature distribution within the ice mass, valley
shape and slope, and the sediment concentration within the ice (Reineck
and Singh, 1973).

Glaciers generally flow less than 1 meter per day,

although rates of up to 20 meters per day have been recorded (Reineck

and Singh, 1973)
Glacial ice is capable of transporting clay- through boulder

sized clasts without applying significant sorting to its sedimentary
load.

Sediment is carried upward into the ice along dirty debris

bands which are concentrated near the base of the glacier and may ulti
mately carry clasts to a supraglacial position.

Other rock material

may roll or slide beneath the glacier if subglacial meltwater is per
sent.

Englacial and supraglacial streams are capable of transporting

a large sedimentary load.

Debris is also transported at the boundary

between the glacier and its confining valley wall or between converging

masses of glacial ice.
Glacially-derived sediments may be classified according to the

presence or absence of stratification within the deposits.

Material

deposited directly from glacial ice is non-stratifled, while all of the
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various features associated with meltwater runoff display some degree
of stratification.

Non-stratified Glacial Deposits
Sediment deposited directly from glacial ice is termed till.

In

the absence of winnowing by air or water, till retains the unsorted
nature inherent within its transport mechanism.

Boulton (1970) recog

nized three types of till; lodgement till, which is deposited beneath
active glaciers and moves by rolling and sliding similar to the bed
load of a river; meltout till, which is lowered from within the ice
mass to the floor as ice recedes; and flow till, which moves upward

through ice to a supraglacial position and is deposited as ice melts
from beneath it.

Meltout till and flow till were formerly grouped

within the broader classification of ablation till, but are differen
tiated because of their variable modes of formation and the resulting

variability of their internal characteristics.

Flow till forms on the surface of melting glaciers where abundant
meltwater is present.

Sediment and meltwater may mix to form sluggish

downslope flows; winnowing of clay-sized material may occur during flow.

Because larger clasts sink to the bottom of flows, a crude stratifica
tion may be developed.

Lowering of sediment to the ground by melting

of underlying ice results in a general parallelism of the ab planes of

pebbles with the ground surface.

Flow till deposits can thus be recog

nized by their clay depletion, near-horizontality of pebble ab planes,
and possibly by a crudely-defined stratification.
Meltout till is deposited from within melting glacial ice.

Pebbles
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transported near the base of a glacier develop a preferred orientation

related to shear planes present within the ice.

The shear planes dip

up-glacier at a low angle, and pebbles within areas of ice shear are
oriented with their ab planes in the plane of shear and the a axis
parallel to the direction of ice flow (Harrison, 1957; Boulton, 1971).

If significant amounts of subglacial meltwater are absent, this fabric

is preserved in the deposit as the sediment is lowered to the floor.
Meltout till deposits are thus clay-rich and possess a fabric charac
terized by pebble imbrication and long axis orientation.

Lodgement till consists of ice-contact sediments which slide or

roll beneath active glacial ice.
and facted pebbles are shaped.

It is in lodgement till that striated

Ramsden and Westgate (1971) suggest

that pebble imbrication may occur in lodgement till; they theorized
that as heavy glacial ice slides over unconsolidated bed material,

shearing occurs in the sediment as well as the overriding ice, causing
pebble alignment parallel to the shear planes.

Reoriented fabrics were

found as deep as 10 meters below the surface of modern tills (Ramsden

and Westgate, 1971).

Holmes (1941) noted the separate occurrence of a

preferred orientation in which pebble ab planes are horizontal and a

axes are elongated perpendicular to flow, and attributed this orienta
tion to rolling of elongate pebbles around their long axes at the ice

sediment interface.

Lodgement till thus forms a clay-rich deposit

displaying pebble imbrication similar to that of meltout till, and by
elongate pebbles whose a axis is oriented perpendicular to inferred

directions of ice movement.

In addition to the previously described types of till, the
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occurrence of till deposited from floating ice sheets which extend

over standing bodies of water should be considered.

In the absence of

currents capable of removing clay-sized sediment released from melting

ice, till which settles through a water column displays the same range

or clast sizes as tills derived directly from glacial ice.

Assuming

that all clast sizes may be released at any particular instant during

the melting of a floating ice sheet, an essentially non-sorted deposit

will form.

Although particles released from the ice at a given instant

will fall at different rates according their settling velocities, the
continuity of the melting process insures that significant sorting will
not occur, except possibly in the uppermost sections of till due to the

slow settling of the fine particles released from the last remnants of
a floating ice sheet.

The ab plane of pebbles deposited after falling

through a water column lie parallel to the depositional slope.
ferred long axis orientation is imparted to the pebbles.

No pre

Till depos

ited by settling of particles through the water column may thus be

recognized by its clay-rich composition and parallelism of pebble ab
planes with the bedding plane.

Moraine Types
Deposits formed largely of non-stratified till are termed moraines.

Four types of terrestrial moraines are recognized, according to their
position relative to the glacier; terminal and end moraines, lateral
moraines, medial moraines, and ground moraine.

Terminal and end moraines are broad, arcuate to straight-crested
ridges which trend transverse to the direction of flow and mark the
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Figure 16a.

Generalized diagram showing features
associated with piedmont glaciation.
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FIGURE 16b. FEATURES ASSOCIATED
WITH PIEDMONT GLACIATION

1.

Terminal Moraine

2.

Medial Moraine

3.

Lateral Moraine

A.

End Moraine

5.

Kame Terrace

6.

Eskers

7.

Subaqueous Esker

8.

Kames

9.

Drumlins

10.

Kettles

11.

Braided Stream

12.

Shelf Ice

13.

Icebergs

14.

Glacial Lake

15.

Remnant Ice Masses
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former position of the ice front.

The terminal moraine is the most

distal of these transverse moraines and marks the maximum extent of gla

cial ice; all transverse moraines up-valley from the terminal moraine
are termed end moraines.

These features commonly stand tens of meters

above the valley floor and may extend laterally for several kilometers.

Terminal and end moraines form as a result of a combination of three
processes:

material may be pushed forward in front of the glacier;

superficial debris may slide down the steep end-slope of the glacier,
and particles may move to the surface along shear planes within the
ice near the snout of the glacier.

Because none of these processes

act effectively during sustained glacial retreat, end and terminal
moraines are thought to form during minor ice advances within periods

of overall glacial retreat (Embleton and King, 1975a).

As a glacier flows within confining valley walls, debris accumu
lates at the margins of the ice sheet.

These bodies of till are elon

gate parallel to flow and are termed lateral moraines.
are similar in size to end and terminal moraines.

These moraines

Unlike end and ter

minal moraines, however, sediment accumulated as lateral moraine rests

upon active ice and continues to move down-valley.

Debris trapped

within lateral moraines would thus have a higher potential for preser

vation of englacial clast orientation.
Medial moraines form by the merging of lateral moraines when two
glaciers converge.

These features are elongate down-valley and are

tens of meters wide and up to several kilometers long.

Because they

are confined to glacial ice, pebbles within medial moraines quite often

display clast imbrication.

Medial and lateral moraines form within
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steep valleyshaving an abundant source of water upslope, hence their
preservation potential within the geologic record is rather low.
Sediment transported and deposited beneath glacial ice is termed

ground moraine.

Also included within this type of moraine is ablation

till which is lowered from englacial or supraglacial positions during

melting.

Ground moraine forms an extensive sheet-life deposit which

may be characterized by rapid lateral changes in thickness.

Clasts

within ground moraine may be imbricate or horizontal depending upon
whether the sediment was deposited as lodgement, meltout, or flow till.

As in other types of moraines, sediment forming the ground moraine is
transported during periods of glacial advance, but is deposited pri

marily during glacial retreat.

Stratified Glacial Deposits

During periods of ice retreat abundant meltwater is present within
the glacial environment.

Sediment moved by water is always better sort

ed than material transported by ice, and stratification is often devel
oped.

Deposits of meltwater origin accumulate both in contact with gla

cial ice and beyond areas covered by ice during maximum advance.

Ice

contact sediments are deposited in close proximity to glaciers, while
progracial sediments are deposited beyond ice margins.

Stratified gla

cial-derived deposits can thus be grouped according to their position
relative to glaciers.

Ice-contact Features

Ice-contact sediments are deposited by meltwater runoff beneath,
within, or upon glacial ice.

They are frequently interbedded with
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non-stratified deposits of till, and are always better sorted than
associated till.

Eskers, drumlins, kames, and kame terraces are the

most common ice-contact features.

Eskers are elongate straight to sinuous and sometimes branching
ridges composed of stratified sand and gravel.

They may attain heights

of 50 meters, widths of 700 meters, and may extend for several kilo
meters in the direction of ice movement (Embleton and King, 1975a).
The flanks of eskers dip at angles between 10° and 20° (Reineck and

Singh, 1973).

Eskers are composed of well-sorted to moderately well-

sorted sand and gravel in which large- and small-scale crossbedding,

horizontal laminations, imbricate pebbles, and scour-and-fill struc

tures are noted.
Although some early workers attributed esker formation to dif

ferential compression of ice (Korn, 1910), the common occurrence of

current-derived features within sands and gravels indicates a sedimen
tary origin.

Eskers displaying well-preserved cross-stratification were

probably deposited by meltwater runoff within subglacial tunnels.

Other

esker deposits, however, are molded over topographic irregularities and

contain deformed cross-stratification, suggesting that sediment accumu
lated in englacial or supraglacial streams and was set down upon the
valley floor by melting of underlying ice.

Esker formation is not re

stricted to terrestrial environments; beaded eskers consist of a linear
series of pods which accumulate during successive period of meltwater
runoff into standing bodies of water during glacial retreat.

Large esker systems are generally associated with areas covered

by continental ice sheets, as is true for the major Pleistocene esker
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systems of North America (Banerjee and McDonald, 1975).

Because gla

ciers must be nearly stagnant for extended period of time in order for
large eskers to form (Embleton and King, 1975a), the potential of pre
servation of eskers in rapidly retreating valley and piedmont glaciers
is not great.

Kames, which are often found in close proximity to eskers, are
small mounds, occurring singularly or in groups, composed of sand and
gravel.

The sides may attain slopes as great as the angle of repose

of the sand-gravel mixture, and heights of 15 meters may be attained

(Embleton and King, 1975a).

The sediment within kames is generally

stratified but poorly sorted, although unstratified materials may be
incorporated.

The rounded, mound-like shape of kames suggests that they may have

been deposited by streams which emptied into supraglacial ponds.

The

unconsolidated sediment could then be lowered to the ground during re

treat, under processes similar to the lowering of englacial and supra

glacial esker deposits (Holmes, 1947).

The presence of abundant pene

contemporaneous deformation structures lends support to this hypothesis

of formation (Keller, 1952).
Closely related genetically to eskers and kames are continuous

linear accumulations of debris deposited on valley walls termed kame
terraces.

The terraces are composed of originally stratified deposits

of sand and gravel which commonly undergo downslope slumping after re
cession of glacial ice.

Sediment comprising kame terraces is deposited

where meltwater streams flow between glaciers and their confining valley

wall.

As in the case of lateral and medial moraines, the occurrence of
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kame terraces upon steep slopes with abundant meltwater present does
not favor their preservation in the geologic record.

The in situ melting of glacial ice is responsible for the forma

tion of kettles.

Remnant glacial ice which has been covered with a

sedimentary veneer melts, causing collapse of the overlying sediment
and creating a generally circular depression.

Kettles rarely exceed

2 kilometers in diameter, although some have attained diameters of
13 kilometers; most have depths less than 8 meters, but may range up

to 45 meters in depth (Flint, 1971).

densely packed groups.
or till.

They may occur singly or in

Kettles are filled with stratified materials

Deformation structures due to collapse are commonly recog

nized in stratified sediments, but such structures are difficult to

recognize in massive, non-sorted, unstratified till.

Because kettles form topographic lows, their potential for pre
servation is greater than kames and eskers, which form topographic
highs.

An additional type of ice-contact feature, whose origins are not
fully understood, are drumlins.

These are large, streamlined hills

commonly found in clusters covering large geographic areas.

Drumlins

are usually less than 60 meters high and 2 kilometers in width, and

may be as long as 7 kilometers (Embleton and King, 1975a).

Pebbles

within drumlins commonly display long axis orientations parallel to the
long axis of the drumlin, implying that drumlins are elongated parallel

to the inferred direction of ice movement.

The stoss surfaces of drum

lins are blunt and steeply sloping, while the lee surfaces are sharper

in plan view and have more gentle shopes.
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Although many drumlins are composed entirely of till, stratified
water-laid deposits of gravel, sand, and clay may form significant pro
portions of some drumlins (Embleton and King, 1975a).

Sediment com

prising drumlins is thought to accumulate within glacial crevasses
during ablation.

The streamlined shape of drumlins may be imparted

when this material is frozen and sculpted during subsequent re-advances

of glaciers.

No satisfactory theory has been advanced which explains

the highly variable spacing patterns encountered within drumlin fields.

Proglacial Sedimentary Deposits

Beyond the maximum extent of glacial ice, meltwater flows are cap

able transporting large volumes of clastic material.

The character of

the sediments deposited from these flows depends to a large degree upon
the position of the glacier terminus relative to the basin in which the

meltwater accumulates.

In areas where glaciers terminate on land, streams carry meltwater
to lakes or to the sea.

The abundant sediment supply, seasonal dis

charge, and high regional slopes encountered within glacial environments
leads to the development of braided patterns within streams which flow
across outwash plains.

Rapid channel shifting occurs, and large longi

tudinal and linguoid bars which form in proximal portions of braided

streams produce cut-and-fill structures, planar cross-stratification,
and festoon crossbeds.

Bedding displays a low degree of lateral conti

nuity and contacts are irregular.

Gravel layers resting above scoured

surfaces are common in the upper reaches of braided streams, and rapid
vertical and lateral grain size variations occur.

Thin lenticular
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shale or silt beds may be deposited during periods of seasonally low
discharge.

Long-term channel migration results in the spreading of a

sheet-like deposit composed primarily of sand with variable quantities

of gravel and finer materials.

Because of their deposition in sub

aqueous systems, preservation of braided stream deposits in the geo
logic record is more favorable than for various ice-contact features
deposited as topographic highs on outwash plains.
When sediment-laden braided streams empty into lakes, glacio

lacustrine and deltaic sediments are rapidly deposited due to flow de

celeration and increased depth of flow.

Similar features form when gla

cial streams flow directly into quiet marine water.

Deltas formed with

in glacial lakes commonly display well-developed topset, forset, and
bottomset deposits composed of poorly sorted sandy material with little

or no gravel (Reineck and Singh, 1973).

Shaw (1975) noted that the

most common sedimentary structures occurring within glaciolacustrine
deltas are parallel laminations, climbing ripples, and structureless
sands.

The formation of climbing ripples attests to the rapid rates of

sedimentation encountered within this environment.

Like braided stream

deposits, glaciolacustrine deltaic sediments are readily preserved in

the geologic record because of their subaqueous environment of

deposition.

~

In more distal areas of glacial lakes deltaic sediments grade into

varves.

These features consist of couplets of silt or very find sand

with sharply defined erosional bases which grade upward into layers
rich in clay.

Shale rip-up clasts are commonly found in the lower parts

of the coarse layers.

The individual silt or clay layers commonly range

in thickness between .5 and 3 centimeters, and are characterized by
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extreme regularity of thickness and a very high degree of lateral con
tinuity.

This regularity of thickness and lateral continuity are evi

dence of the extreme cyclicity of the depositional process which form
the varves.

DeGeer (1912) attributed the formation of varves to sediment

laden meltwaters which spread across the beds of glacial lakes as under
flows.

Kuenen (1951) noted that meltwater contains large amounts of

suspended sediment and therefore flows under less-dense clear water as
turbidity currents when introduced into lacustrine or marine environ

ments.

The silt layers are deposited when meltwater, derived from

spring thawing, flows across lake floors as seasonally-controlled tur
bidity currents.

Clay layers are added by slow clay settling through

out the course of the year.

Varves commonly contain granule- to boulder-sized clasts.

Such

pebbles are referred to as dropstones, and the term "outsized clast"
(Harland and Rudwick, 1964) is applied to dropstones whose diameters
are greater than

the thickness of the surrounding layers.

Because

of the much larger grain size of the pebbles than the silt and clay,
it is obvious that dropstones are deposited by a different mechanism
than are finer-grained materials forming the couplets.

Within glacial

environments rafting of pebbles by floating ice masses best accounts
for the deposition of pebbles within fine-grained laminations of silt

and clay.

Biological rafting, particularly by floating kelp, may also

introduce pebbles into quiet water environments.

Crowell (1957) pro

posed that some fine-grained beds may contain pebbles which are scat
tered along bedding planes by "sudden swift currents" which do not
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readily erode cohesive clays.

Because of their quiet subaqueous depositional environment,
varves are readily preserved in the geologic record.

Many glaciers move directly into standing lake or marine water.
Meltwater emanating from crevasses and englacial tunnels flows directly
into quiet water and rapidly deposits the coarse-grained portion of its
The resulting sedimentary deposit, termed subaqueous outwash

load.

deposits by Rust and Romanelli (1975) may be sheet-like or linear,

depending upon such factors as flow velocity of the meltwater, shape

of the orifice from which meltwater flows, number and distribution of
orifices, degree of vertical and lateral diffusion of meltwater, pres

ence of currents within the basin, and the rate of retreat of glacial
Pebbles and larger clasts transported within englacial streams

ice.

are deposited very near the ice front, and sand is deposited in slight

ly more distal localities.

Silt and clay are transported away from the

ice front to distal areas as suspended load.
Coarse-grained subaqueous outwash deposits are characteristically
massively bedded (Rust and Romanelli, 1975).

These authors note the

presence of large channels filled with generally structureless sand in

modern subaqueous outwash deposits.

Soft sediment deformation struc

tures occur in these sequences, suggesting that the sediment is rapidly

deposited with an unstable framework.

As with other subaqueous glacial-derived sediments, the preserva
tion potential of subaqueous outwash deposits in the geologic record is

high.
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Periglacial Deposits
Areas peripheral to glacial ice which are dominated by arctic cli
mates are termed perigracial zones.

A wide variety of geologic features

are produced in periglacial zones, most of which are related to freeze

thaw mechanisms.

Because alternate freezing and thawing may modify un

consolidated sediment as well as causing physical disintegration of

lithified rocks, geologic processes occurring within periglacial zones
should be considered.
Fine-grained sediment resting on slopes in periglacial zones is

subject to solifluction and frost creep.

Solifluction is the mass

flowage of water-saturated fine-grained materials under the influence

of gravity within periglacial zones.

Meltwater trapped above an imper

meable subsurface ice layer saturates the overlying sediment and re

duces its shear strength so that downslope movement is initiated.
Sediments which have undergone solifluction appear as churned argilla

ceous silt or sand.
Sediments affected by frost creep also display a churned and dis
turbed appearance.

Frost creep involves slow downslope movement of

sediments due to alternate freezing and thawing of water.

Expansion

of water which freezes within sediment forces unconsolidated materials
upward perpendicular to slope; when the supporting ice thaws, the

raised sediment is dropped vertically due to gravitational forces,
resulting in net downslope movement.

Large clasts may be moved down

slope by this process, and deposits tens of meters thick may accumulate

in valleys beneath slopes affected by frost creep (Embleton and King,

1975b).
Alternate freezing and thawing of water in periglacial zones forms
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deep ice wedges in soil which are associated with the development of
Large stones are arranged in patterns of circles,

patterned ground.

nets, polygons, steps, and stripes, with finer materials concentrated
in areas between coarser clasts.

The original laminations in fine

grained sediments are frequently preserved.

There are several processes which may operate singularly or

simultaneously to form patterned ground.

Flint (1971) attributes for

mation of patterned ground to frost cracking, frost heaving, changes in
water content of soil, and hydrostatic pressure in unfrozen material
confined by frozen ground.

Patterned ground is frequently preserved in the geologic record.
Flint (1971) cites numerous examples in Pennsylvania, West Virginia, and

Virginia which formed beyond the southern extent of Pleistocene glacia

tion in North America.
Freeze-thaw mechanisms affect lithified rocks as well as unconsoli

dated sediment.

Water which fills joints expands upon freezing, exert

ing great pressures capable of splitting rock.

cored rock glaciers form by this process.

Talus deposits and ice-

Deposits accumulated by ice

wedging can be recognized by the extreme angularity of essentially non
transported rocks.

METHODS AND TECHNIQUES

Fieldwork, for this project was begun during the summer of 1975 and
was completed in October, 1976.

Nine outcrops containing tillitic units

were examined, and over 100 samples were collected.

Fieldwork involved measuring and sketching of sections containing

tillite and collecting tillitic samples.
a Jacob's Staff.

Thickness was measured using

Because of the massive, non-stratified nature of the

tillite, the orientation of bedding within tillitic intervals could not

be determined; bedding measurements taken from underlying or inter
stratified units were applied to the tillitic units.

The tillites were

divided into sedimentation units based on the presence of interbeds or
on the basis of textural variations within continuous exposures of

tillite, and 1 to 5 tillitic samples were taken from each sedimentation
unit.

Quantitative textural and compositional data were recorded for

each tillitic sedimentation unit (Appendix 1).

Large oriented blocks

of tillite were collected in order that a study of pebble orientation
could be undertaken (Appendix 2).

Because of the highly weathered nature of much of the tillite,

approximately one-half of the samples required impregnation with plastic
before thin-sectioning.

One hundred two thin-sections were point-

counted to determine mineral composition and textural characteristics
(Appendix 3).

The following parameters were measured:

percentage of

matrix, degree of roundness of grains between 0.125 and 1.0 millimeters,
one-half the sum of a and b axes of all grains greater than 0.06
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millimeters, the ratio of detrital quartz grains to detrital feldspar
grains, and the ratio of volcanic rock fragments to granitic rock

fragments.
Data derived from point-counting and field measurements was ana
lyzed using an SAS (Statistical Analysis System) program (Appendix 4).

DETAILED CHARACTERISTICS OF THE
TILLITIC INTERVAL OF THE UPPER MEMBER
OF THE MOUNT ROGERS FORMATION

Stratigraphy

The tillite in the upper member of the Mount Rogers Formation

occurs within a distinct stratigraphic interval bounded by two recog

nizable units present in most of the measured sections (Figure 7).
The lower bounding unit is a thick, massive very fine- to medium

grained arkosic sandstone.

The upper bounding unit is a distinctive

layer of quartz pebble conglomerate, consisting of well-rounded and
well-sorted clasts of vein quartz interbedded with arkosic sandstone.
All of the unstratified conglomeratic mudstone lies stratigraphically

between these two units, and the sequence of rocks between these
marker beds is termed the tillitic interval.
The thickness of the tillitic interval and the net thickness of

The thickest accumu

tillite vary geographically (Figures 18 and 19).

lation of tillite is at Creek Junction, where 200 meters of conglomer
atic mudstone are exposed.

A general eastward decrease in net tillite

thickness is observed within the western outcrops.

Near Grindstone

Campground, Jefferson National Forest (Figure 1), conglomeratic mud
stone is absent from the tillitic interval.

East of Grindstone Camp

ground the net tillite thickness increases eastward, ranging from 7.0

meters at VA 741 to 54.8 meters at Troutdale.

Isopach lines drawn in

the western half of the study area (Figure 19) suggests a lobate

pattern of tillite deposition.
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Figure

18

Thickness of the Mount Rogers
tillitic interval (meters)

Contour Interval = 40 meters
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Figure

19

Total thickness of tillite in
measured sections (meters)

Contour Interval = 20 meters
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Similar patterns of deposition are recorded when the thickness
of the tillitic interval is considered.

The upper quartz pebble con

glomerate is absent at the Creek Junction and Fire and Brimstone out
In these sections the thickness of the tillitic interval is

crops.

taken to be the sum of the stratigraphic thickness between the basal

arkosic sandstone and the top of the uppermost conglomeratic mudstone

and the stratigraphic thickness of rocks between the uppermost con
glomeratic mudstone and the overlying quartz pebble conglomerate in
adjacent complete sections.

At the Discovery outcrop, both the basal

arkosic sandstone and the overlying quartz pebble conglomerate are
absent.

The thickness of the Discovery tillitic interval is measured

as the sum of the stratigraphic thickness between the base of the lower
most tillite and the top of the uppermost tillite in the Discovery
section, the inferred thickness of rocks between the basal arkosic

sandstone and the lowest tillite based on measurements at nearby sec

tions, and the similarly-inferred thickness of rocks the uppermost

tillite and the overlying quartz pebble conglomerate.
The thickest tillitic interval occurs at Creek Junction, where the
greatest net tillite thickness was observed.

The thickness of the

tillitic interval also decreases eastward in the western outcrops,

reaching a minimum of 43.7 meters near Grindstone Campground.

East of

Grindstone Campground, the thickness of the tillitic interval in

creases eastward from 59.1 meters at VA 741 to 133.5 meters at Trout
dale.

Isopach mapping of the tillitic interval in the western outcrops

(Figure 18) suggests a lobate pattern of deposition during accumulation

of the tillitic interval.

No pattern can be defined in the eastern
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half of the study area because of the paucity of outcrops.

Units of tillite vary between 3 and 88 meters in thickness, aver
aging about 25 meters.

As few as 1 and as many as 9 tillitic units

are present within each section (Figure 20).

In outcrops west of

Grindstone Campground, there is a general eastward decrease in the
number of tillitic units per outcrop, whereas eastern outcrops display

a westward decrease in the number of units per outcrop.

Composition
Tillites of the upper member of the Mount Rogers Formation are
massive, non-sorted matrix-supported mixtures of clay- through

boulder-sized debris (Figure 10).

Most tillites are unstratified.

Tillites cropping out along Virginia Route 603 about 0.3 kilometers
southwest of Troutdale, Virginia, display a crude but distinct strati
fication; these rocks, however, are lower in the stratigraphic section

than the unstratified conglomeratic mudstones, and were sampled in the

present study.
The content of clasts greater than 2 millimeters within Mount
Rogers tillites varies between 2 and 30 percent, and averages about 15

percent (Figure 21).

The clasts display a continuous distribution from

granule- through boulder-sized grains.

Most of the clasts are angular

to subangular, although very angular as well as well-rounded clasts

may be present within the same unit.

A tendency toward an increased

degree of roundness with increasing clast size is noted.

Striated pebbles, characteristic of till deposits, were not ob
served because of the tendency of tillites to fracture across clasts

Figure 20

Number of
sections.

tillites within measured

71

72

Figure 21.

Variation in pebble content of Mount Rogers
tillites.

A.

Pebble-poor tillite from the VA 741 section.

B.

Pebble-rich tillite from the Green Cove
section.
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rather than around them.

Those clasts which could be removed from

their weathered matrix were themselves too weathered to preserve deli

cate striations.

Some clasts displayed faces which appear to be

faceted (Figure 22).
The Mount Rogers tillite contains a wide variety of plutonic,

metamorphic, igneous, and sedimentary rock fragments imbedded within a
sandy hematitic clay matrix.

A composite results of 37 pebble counts

at 9 outcrops is displayed in Table 1.

Leucocratic plutonic rock

fragments and granitic gneiss are the dominant rock types, making up

60 to 90 percent of the clasts in most units.

Muscovite, biotite, and

chlorite schists are also present; the content of schistose rock frag
ments varies between 5 and 10 percent within most tillites (Figure

Similar proportions of rhyolite are noted (Figure 23a).

23b).

amounts of basalt and shale are also present in the tillite.

Minor

It should

be noted that 35 of the 37 pebble counts upon which Table 1 is based
were made at the seven outcrops west of Grindstone Campground (Figure
1).

The two outcrops east of Grindstone Campground are thinner and

somewhat more poorly exposed, accounting for the paucity of measurements

in that area.
The sand content of upper member tillite varies between 12 and 65
percent, averaging about 35 percent (Figure 24).

In thin-section, the

sand-sized grains appear to be floating in a matrix of red hematitic

clay.

Although the complete sand-sized granulometric range is spanned

within the tillitic units, the distribution of sand-sized grains is
skewed toward the finer grain sizes.

The grains range from very angu

lar to well-rounded, most being subangular.

The average roundness of

75

Figure 22.

Faceted (?) Pebbles in Mount Rogers tillite.

Possible faceted pebbles (f) in tillite from
the Fire and Brimstone section.
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TABLE 1.

ROCK FRAGMENT COMPOSITION
WITHIN MOUNT ROGERS TILLITES

LITHOLOGY

PERCENTAGE

Leucocratic Plutonic (largely granite)

65.00

Granitic Gneiss

14.50

Mica Schists

8.35

Biotite Schist

4.75

Muscovite Schist

3.10

Chlorite Schist

0.50

Rhyolite

6.37

Basalt

2.19

Vein Quartz

2.45

Shale

.65
100.51
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Figure 23.

Rock fragments in Mount Rogers tillites.
A.

Grain of biotite schist (A).
Sample FB-4, 115X, uncrossed nicols.

B.

Grain of rhyolitic crystal vitric tuff,
with euhedral quartz crystal.
Sample GC-10, 115X, uncrossed nicols.
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Figure 24.

Variation in sand content of Mount Rogers
tillites.

A.

Sand-poor tillite from the VA 741 section.
Sample VA-01, 115X, uncrossed nicols.

B.

Sand-rich tillite from the Green Cove
section.
Sample GC-07, 115X, uncrossed nicols.
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the fine- to coarse-sand grains in the conglomeratic mudstone is 2.75
on the roundness scale of Powers (1953).

The sand fraction of Mount Rogers tillite consists dominantly of

quartz and feldspar (Table 2) (Figure 11).

Orthoclase, recognized by

its biaxial negative Interference figure, low relief, low birefringence,

Carlsbad twinning and 90° cleavage, is the most common type of feldspar.
Microcline, characterized by quadrille twinning, and plagioclase, char
acterized by albite twinning, and perthite form subequal minor propor

tions of the total feldspar content.

Sericitic alteration of the

feldspar grains is quite common (Figure 25).

Most of the detrital

quartz is monocrystalline strained, but polycrystalline strained and

volcanic varieties are also present.

Magnetite, zircon, and biotite

are the most common heavy minerals, and sand-sized fragments of granite,
granitic gneiss, schist, rhyolite, and basalt are present in the coarser

size grades.

The matrix content of tillite varies between 35 and 85 percent and
averages about 50 percent.

The matrix consists of hematitic clays with

silt-sized grains of quartz and feldspar.

The clays, identified by

Blondeau (1975) as kaolinite and illite by X-ray diffraction, comprise

about 40 percent of the matrix.

Subequal amounts of massive opaque

hematite and detrital grains of quartz and feldspar make up the remain

ing portion of the matrix (Figure 26).

Secondary replacement of

original matrix material by hematite is indicated by corroded and em

bayed surfaces of quartz and feldspar grains (Blondeau, 1975).

Outcrop-averaged values of the ratios of quartz to feldspar in the
sand-sized fraction and volcanic to granitic rock fragments in the
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TABLE 2: COMPOSITION OF THE SAND
FRACTION OF MOUNT ROGERS TILLITES

PERCENTAGE

COMPOSITION

Quartz

45.06

Feldspar
Potash

38.99

26.28

Orthoclase
Microcline
Plagioclase
Perthite
Sericitized Feldspar
Chloritized Feldspar
Calcitized Feldspar

HEAVY MINERALS
Magnetite
Zircon
Biotite
Chlorite
Muscovite
Rock Fragments
Grani te
Granitic Gneiss
Acidic Volcanic
Mafic Volcanic
Volcanic Class
Schists
Muscovite
Biotite
Chlorite
Garnet
Sedimentary Rock Fragments
Sandstone
Siltstone
Mudstone

24.63
1.65

1.51
2.04
9.04
0.09
0.03
0.79

0.54
tr
0.13
0.08
0.04
15.63

12.41
0.09
1.54
0.54
0.33
.52
.21
.23
.08
tr

.20

.03
.17
tr
99-47
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Figure 25.

Sericitic alteration of feldspar in
Mount Rogers tillite.
Note the aleration of this plagioclase grain
to sericite. Sample CJ—05, 328X, crossed nicols.

60u
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Figure 26.

Matrix of Mount Rogers tillite.

Note the dark hematitic clay and abundant
silt-sized grains of quartz and feldspar
which form the matrix fraction of Mount Rogers
tillite.
Sample DS-07, 115X, uncrossed nicols.

185u
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gravel-sized material of Mount Rogers tillites were determined.

These

0
V
values are hereafter designated X/F and /G, respectively, and are

plotted in Figures 27 and 28.

An irregular geographic variability is

indicated for all outcrops, with the exception of the outcrop at VA 741.

The ^/F value at VA 741 is 2.54, as compared to an average ^/F

y
value of 1.28 for the remaining eight outcrops, and the VA 741

is 0.84, as compared to an average

crops.

V

/G value

/G ratio of 0.23 for the other out

The enrichment of the tillite at VA 741 in quartz and volcanic

rock fragments, both relatively resistant components, may reflect the

fine-grained character of the unit.

Because surface area to volume

ratios of grains become greater with decreasing grain-size, chemical
stability of various mineral species is in part granulometrically con
trolled.

The compositional difference between the VA 741 tillite and

all other Mount Rogers tillites is thus believed to be due to textural

variability.

Texture

Point-count data provided textural as well as compositional infor
mation about the tillites.

Point-counting included determination of

matrix percent, roundness of grains between 0.125 and 1.0 millimeters

in diameter, and the a and b intercepts of each grain greater than 0.06
millimeters in diameter.

From this data, an average grain diameter,

(a + b)/2, was calculated for each grain between 0.125 and 1.0 milli
meters in diameter.

The ratio of the number of grains between 0.125

and 1.0 millimeters in diameter to the number of grains greater than
0.06 millimeters in diameter was determined in order to estimate the

reLative amounts of fine through coarse sand-sized material.

These

Figure

27

Ratio of quartz to
Mount Rogers tillite.

feldspar in
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Figure

28

Ratio of volcanic to granitic
rock fragments in Mount Rogers tillite
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parameters were calculated in order to attempt to distinguish tillites

from one another on the basis of textural characteristics.

If tillitic

units displaying similar textural features or sequences of textural

changes could be recognized, then correlation of tillites could be
attempted on this basis.

In addition, direction of sediment transport

could be inferred if grain-size was found to vary geographically.
None of the textural parameters shows a systematic geographic vari
ability, but point to a general textural homogeneity of outcrop-averaged
tillites (Figures 29, 30, 31, 32, and 33).

The exception is the tillite

at VA 741.

Only one unit of tillite, measuring 7.0 meters in thickness, is
exposed at the VA 741 outcrop.

This tillite contains more clay than

that at any other outcrop, with an average matrix content of 68.95 per

cent (Figure 29).

The sand-sized fraction of the VA 741 tillite is also

finer than that of the other tillites (Figures 31 and 32), and the
ratio of fine through coarse sand-sized grains to grains greater than

0.06 millimeters is lower in the VA 741 tillite than in any other out
crop (Figure 33).

The pebble content of the unit is less than 5 percent

at the most pebble-rich horizons, and
percent.

overall pebble content Is about 2

Ninety percent of the clasts within the tillite are less than

2 centimeters in diameter.

Each of these parameters reflect the fine

grained nature of the VA 741 tillite as compared to other tillites in
the study area.
The remaining outcrops display a high degree of similarity in

outcrop-averaged values of textural parameters (Figures 29, 30, 31, 32,
and 33).

The Troutdale tillite contains only 42.74 percent matrix,

Figure

29

Percentage of matrix in Mount
Rogers tillite
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Figure

30

Rounding of sand grains in
tillite for which (a+b)/2 lies
between 0.125 and 1.0 mm in
diameter (scale of Powers, 1953)
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Figure

31

Outcrop-averaged (a+b)/2 values
for tillitic grains greater than
0.06 mm in diameter (millimeters)
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Figure 32

for
and

Outcrop-averaged (a+b)/2 values
tillitic grains between 0.125 mm
1.0 mm in diameter (millimeters)
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Figure

33

Ratio of the number of tillitic
grains between 0.125 and 1.0 mm in
diameter to the number of tillitic
grains greater than 0.06 mm in diameter
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whereas Big Hill tillite has a matrix content of 64.78 percent.

The

remaining 6 outcrops have average tillitic matrix percentages ranging

The tillite at Green Cove attains a value

between 49 and 57 percent.

of 76.42 percent for the ratio of fine through coarse sand-sized grains
to grains greater than 0.06 millimeters; this ratio varies between 57

and 67 percent for all other outcrops except texturally anomalous out

crop VA 741.

Both grain-size parameters (Figures 31 and 32) display

little variation between outcrops, again with the exception of fine
grained tillite at VA 741.
Analysis of variance tests, based on the nine parameters listed
in Appendix 3, were performed to determine the degree of variation of
tillitic units within outcrops.

The tests show significant unit-

controlled variations in (a + b)/2 ratios for all grains greater than

0.06 millimeters and in the percentage of matrix in the samples.

All

other parameters measured, however, did not display significant varia

tion between units within individual outcrops or between outcrops.
The size of the largest clast within tillitic beds was recorded.
The largest boulder noted measures 52 centimeters in diameter and was

found at Creek Junction, the westernmost outcrop.

Within the outcrops

west of Grindstone Campground a general eastward decrease in maximum
clast size is noted (Figure 34).

Sedimentary Structures
Tillitic units contain no sedimentary structures, and bedding

planes are not distinguishable within tillite.

Some deformation of

underlying beds due to loading occurs (Blondeau, 1975)(Figure 35).
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Figure 35.

Deformed contact between Mount Rogers
tillites.

Note the irregular contact between the
underlying pebble-rich tillite and the
overlying pebble-poor tillite. Also note
the difference in surfical weathering
appearance of the two units. Tillites
are part of the Green Cove sequence.

A

B
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Four oriented blocks were taken from separate outcrops in order to

study pebble orientation within upper member tillite.

Three of the

oriented blocks display moderately- to well-developed pebble alignment.

A sample from the third tillitic unit of the Creek Junction sequence
displayed strong pebble alignment at an angle of approximately 50° to
bedding.

Pebbles within a block removed from the third tillite of the

Green Cove section were found to be strongly aligned at an angle of

slightly greater than 65° to bedding.

Visual examination of other

tillites in the Green Cove section revealed similar pebble orientations

in several of the other tillitic units.

A block taken from the third

tillitic unit of the Troutdale outcrop contained pebbles which dis

played moderately developed alignment in a plane skewed to the bedding
plane; pebble alignment was not visible in the bedding plane, but a pre
ferred orientation was noticed in a plane perpendicular to bedding.

In each of these samples, pebble orientations are at angles greater

than those generally encountered in pebble imbrication.

Pebbles in Mount

Rogers tillite float within an argillaceous matrix which fractures in
such a manner that a distinct cleavage is developed within much of the

tillite (Figure 14).

The presence of cleavage in the tillitic units

indicates that shearing of the rocks has occurred.

Lundquist (1969)

states that pebbles may develop a preferred orientation during dynamic

metamorphism.

Because of the presence of cleavage within tillitic units,

the parallelism of preferred pebble orientation in several of the
tillites at the Green Cove section, and the complex tectonism which has

affected the southern Appalachian Mountains since late Precambrian time

(Hatcher, 1972), the pebble alignments encountered within these blocks
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are ascribed to tectonic rather than depositional processes.

The lowest tillitic unit in the Fire and Brimstone sequence

yielded a suitable-sized block for pebble orientation analysis.
bles within this sample did not display a preferred orientation.

Peb

In

terrestrial glacial deposits pebbles usually display either imbrica

tion or horizontality of the ab planes in most environments, although
Embleton and King (1975a) note the absence of preferred orientation

of pebbles deposited on the lee sides of end and terminal moraines.
Within subaqueous environments, however, pebbles which fall through

the water column into loosely packed mixtures of pebbles, sand, and
mud may easily lose their ab plane horizontality upon settling with

in the mixture.

The random orientation of clasts within the lowest

tillitic unit in the Fire and Brimstone sequence may be indicative of

subaqueous deposition.
The pebbles in the Fire and Brimstone sample may, however, have

been subject to reorientation, but not alignment, by regional tectonic
events which appear to have caused preferred pebble orientation within

other Mount Rogers tillitic samples.

Although studies of preferred

pebble orientation have been used to infer directions of ice movement

in some tills and tillites (Frakes and Crowell, 1967; Holmes, 1941),

it appears doubtful that such procedures can successfully be applied
to glacial deposits which have been subject to dynamic metamorphism,

such as those of the Mount Rogers Formation.

Because of the uncertainty

of the effects of dynamic metamorphism, the assignment of a subaqueous
depositional environment to the lowest Fire and Brimstone tillite on

the basis of random pebble orientation within the unit is not tenable.

Interbedded Units

Interbedded with tillite are maroon argillite and siltstone,

arkosic sandstone, and minor amount of conglomerate.
Argillite includes varved argillite, non-varved but finely lami
Massive argillite is the most

nated argillite, and massive artillite.

Varves are common in the

abundant type within the tillitic interval.

lower part of the member, but decrease in abundance upward through the

section.

Argillite units containing slumped and contorted bedding are

closely associated with varved sequences.

Well-exposed argillite beds

vary in thickness between 1 and 10 meters; thicker units are poorly

exposed because of thick soil and vegetative cover.

Current structures

were not observed in argillite, probably because of its fine grain
size.

Graded bedding is characteristic of varved sequences, but other

argillite is uniformly fine-grained.

Argillite comprises about 20

percent of tillitic sections.

Siltstone is less common than argillite in tillitic sections,
rarely exceeding 10 percent of the section.

Siltstone is not commonly

deposited adjacent to or gradational with argillite, but is more commonly

interbedded with sandstone or tillite.

Siltstone is more common in the

western sections than in the outcrops in the eastern part of the study

area.

Individual siltstone units vary between 2 and 22 meters thick.

Current structures are lacking and graded bedding was not seen within

siltstone.
Arkosic sandstone is one of the most abundant lithofacies within
Mount Rogers tillitic sections.

Sandstone interfingers and is inter

bedded with all other lithologies encountered within tillitic sections,
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but distinctive sandstone units which could be traced between outcrops

are not present.

Only the thick unit of arkose at the base of the

tillitic interval (Figure 7) appears to be correlative across most of
the study area.

Beds range in thickness between 1 and 40 meters, but

most are 5 to 10 meters thick.
Sorting of the arkosic sandstone is usually moderate, and most
grains range in size from very fine- to medium-grained sand.

Grains

are generally angular to subrounded (Blondeau, 1975).
The upper member sandstone is generally massive and structureless.

Festoon crossbeds and flat laminations were observed within a sandstone
unit at Creek Junction, and small-scale ripple marks were seen in the
basal arkosic sandstone at the same outcrop, but other sandstone beds
within the study area do not display well-developed sedimentary

structures.
Conglomerate comprises a minor amount of the rocks exposed in some

sections, but is absent from most tillitic sections.

Conglomerate is

either grain- or matrix-supported and consists of pebbles which are

similar in composition, size, shape, and range of grain sizes to pebbles
within conglomeratic mudstone.

Beds are massive, and cut-and-fill

structures are locally present (Blondeau, 1975).

Within the upper member of the Mount Rogers Formation, an overall
upward coarsening is noted.

The lower part of the member is dominated

by argillite, varves, and greywacke deposited by turbidity currents.

Also included within the lower part of the member is a thick unit of
polymict conglomerate exposed about 3 kilometers west of Troutdale.

The upper part of the member is dominated by arkosic sandstone and
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tillite, and contains a lower percentage of argillite and siltstone
than the lower portion of the member.

Siltstone and argillite in the

upper portion more commonly contain admixed sand and gravel than the
corresponding lithologies in the lower portion of the member.

A thick

widespread unit of quartz pebble conglomerate and minor amounts of
polymict conglomerate are also present in the upper part of the upper

member.
The overall upward coarsening of the upper member suggests in
creasing proximality during upper member deposition.

CORRELATION OF TILLITE UNITS

An attempt was made to correlate tillitic units between outcrops.

Because there are no distinct compositional variations between suc
cessive units in a given sequence, textural characteristics were used
for correlation purposes.

Triangular diagrams depicting tillitic tex

ture were constructed, using percentage of pebbles, percentage of

sand, and percentage of silt and clay (percentage of matrix) as end
members (Figures 36, 37, and 38).

Correlation of tillite in the east

ern half of the study area was not attempted because tillite at VA 741
is so dissimilar to all other Mount Rogers tillite that correlation is

impossible.

Exposures at the Big Hill, Summit Cut, and Weaver’s out

crops are inadequate for accurate determination of percentage of pebbles
within tillite, so correlations can not be made within these sections.

The westernmost outcrops in the study area, Creek Junction, Discovery,

and Green Cove, are moderately well-exposed, so correlation could be

attempted between these sections.
Nine tillitic units are exposed in the Creek Junction section,
seven are exposed in the Discovery section, and six are exposed in the

Green Cove section.

In an attempt to group similar units together at

the various outcrops, the textures of the tillitic unit containing the

largest tillitic clast in each outcrop was compared.

The largest

tillitic clast was observed in the fourth tillitic unit in the Creek

Junction and Discovery sequences and in the third tillitic unit in the
Green Cove sequence.

The fourth Creek Junction tillite is very similar
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TEXTURAL CHARACTERISTICS OF
TILLITE AT GREEN COVE

Percent Silt and Clay
(martix)

TILLITE SHEET

Percent Sand

SYMBOL

NUMBER OF TILLITE
IN THE SEQUENCE

E

6

D

5

C

4

B

3

A

□
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TEXTURAL CHARACTERISTICS OF
TILLITE AT DISCOVERY

Percent Sand

Percent Silt and Clay
(matrix)

TILLITE SHEET

SYMBOL

NUMBER OF TILLITE
IN THE SEQUENCE

E

7

D

6

C

5

B

4

A

9
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TEXTURAL CHARACTERISTICS OF
TILLITE AT CREEK JUNCTION

Percent Silt and Clay
(matrix)

TILLITE SHEET

Percent Sand

SYMBOL

NUMBER OF TILLITE
IN THE SEQUENCE

E

7

D

6

C

5

B

4

A

2
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texturally to the third Green Cove tillite (Table 3).

Pebble content

of the third Green Cove tillite varies between 3 and 5 percent, as com
pared to a pebble content varying between 5 and 10 percent within the

fourth Creek Junction tillite; sand content of the third Green Cove
tillite varies between 40 and 60 percent, as compared to a sand content
varying between 40 and 55 percent within the fourth Creek Junction
tillite; matrix content of the third Green Cove tillite varies between

35 and 55 percent, as compared to a matrix content varying between 40
and 53 percent within the fourth Creek Junction tillite.

On the basis

of the high similarity of these textural parameters, these tillites are
believed to be correlative.

The fourth Discovery tillite, which con

tains the largest tillitic clast in that sequence, displays similar
matrix percentages as the units under comparison at Creek Junction and
Green Cove, but displays a higher percentage of pebbles at the expense

of sand, than the Creek Junction and Green Cove sequences (Table 3).
There is no direct evidence which suggests that a local sediment
source could have modified the texture of the Discovery tillite rela

tive to the Creek Junction and Green Cove tillites.

Outcrop-averaged

values of textural and compositional parameters (Figures 27, 29, 30, 31,
32, and 33) show little variation between the Discovery sequence and

the nearby Creek Junction sequence.

Individual units do not display

consistent thinning from Creek Junction to Discovery.

Such thinning

would be expected if a local high, from which sediments were period

ically derived, existed on the basin floor in the Discovery area during

upper member deposition.

Erosion of underlying penecontemporaneous

sediment by advancing ice and incorporation of previously-deposited

TABLE 3 :

SUGGESTED CORRELATION OF MOUNT ROGERS TILLITE BASED ON TEXTURAL CHARACTERISTICS

Green Cove

Discovery

Creek Junction

Tillite II Pebbles Sand Matrix Tillite II Pebbles Sand Matrix Tillite If Pebbles Sand Matrix

Tillite Sheet E

6

15

Tillite Sheet D

5

5

Tillite Sheet C

4

5-10

53-55

Tillite Sheet B

3*

3-5

Tillite Sheet A

2

20-30

37

48

7

15-20

42

38-45

7

5

25

60

6

10

35

60

35-45 45-55

6

15

35-43

5

10

48-55

35-43

5

15-20

33-45

40-46

40-60

35-55

4*

5-10

40-55

40-53

4*

15-25

33-45

40-45

28-35

40-45

2

2

10-18

32-42

42-55

35-40 55-60

30

35

35

* Contains the largest clast in section
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clasts into the fourth Discovery tillite probably did not occur.

The

fourth Discovery tillite is underlain by a this unit of argillite, which

is in turn underlain by a thin unit of arkosic sandstone; contacts be

tween the units are even.

The stratigraphic relationships and nature

of contacts of the underlying units is not compatible with erosion and
incorporation of underlying sediment prior to deposition of the fourth
Discovery tillite.
The pebble :

sand:

matrix ratio of the fourth Discovery tillite

is not similar to those of the fourth Creek Junction and third Green
Cove tillites, but similar stratigraphic position and content of the

largest tillitic clast in the section suggest that the fourth Discovery
tillite may be correlative with the units under comparison at Creek
Junction and Green Cove.

These three tillites are termed Tillite Sheet

B.
Using Tillite Sheet B as a base, correlation of underlying and
overlying tillites was attempted.

The second Green Cove tillite is

highly dissimilar in texture to the third tillites at Creek Junction
and Discovery, but is texturally similar to the second Creek Junction

tillite (Table 3).

On this basis and on the basis of their similar

stratigraphic position, the second tillites in the Green Cove and Creek
Junction sequences are believed to be correlative.

The second Discovery

tillite displays slight increases in sand and matrix content at the
expense of percentage of pebbles relative to the second Green Cove and

Creek Junction tillites (Table 3), but is believed correlative on the
basis of gross textural similarity and comparable stratigraphic posi

tion.

These three correlative units are termed Tillite Sheet A.
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Whereas the second tillites in the Green Cove, Creek Junction, and
Discovery sequences are believed to be correlative, the third tillites

at each of these outcrops are highly dissimilar texturally.

However

the third Green Cove tillite is believed to be correlative with the
fourth Creek. Junction and Discovery tillites, suggesting that a period

of glacial deposition occurred between the time of deposition of the
second and third Green Cove tillites which did not deposit tillite at

Green Cove.

Tillite was deposited in the Creek Junction and Discovery

areas during this time, however.
The textures of the tillites immediately overlying Tillite Sheet
B were compared, and the fourth Green Cove tillite was found to be

highly similar to the fifth Creek Junction tillite (Table 3).

The Dis

covery tillite at this horizon displays a slight increase in pebble con

tent, at the expense of sand, when compared to the Creek Junction and
Green Cove tillites.
Sheet B.

A similar textural disparity was noted in Tillite

Because the underlying tillite in the Discovery sequence is

also pebble-rich relative to Creek Junction and Discovery units, the
fifth Discovery tillite is believed correlative with the fourth Green

Cove and fifth Creek Junction tillites based on comparable stratigraphic
position and gross textural similarity.

These units are termed Tillite

Sheet C.

The sixth tillites in the Discovery and Creek Junction sequences
and the fifth Green Cove tillite overlie Tillite Sheet C and display

similar textural characteristics (Table 3), except for a decreased sand

content within Creek Junction tillite.

Because of similar texture and

stratigraphic position, these tillites are believed correlative and are
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termed Tillite Sheet D.
The tillitic units directly overlying Tillite Sheet D in the

Green Cove and Creek Junction sequences display similar textural para
meters (Table 3), and on this basis and on the basis of comparable

stratigraphic position are postulated to be correlative.

The uppermost

sixth Green Cove tillite is also believed to be correlative with the

uppermost seventh Discovery tillite based on their similar strati

graphic position; the seventh Discovery tillite displays variation in

pebble content relative to other stratigraphically equivalent tillite,
which seems to be common in this sequence.

The uppermost sixth Green

Cove tillite, the uppermost seventh Discovery tillite, and the seventh

Creek Junction tillite are thus believed correlative.

These tillites

are termed Tillite Sheet E.

The largest tillitic clast within the Fire and Brimstone sequence

is found in the second tillite exposed in the outcrop.

Textural para

meters of this tillite are very similar to those of the second, fourth,
and fifth tillites at the Discovery sequence, which is closest geograph

ically to the Fire and Brimstone section.

Correlation of this and other

Fire and Brimstone tillites with those of the three westernmost

sequences is therefore not possible at present.

DISCUSSION

Processes and Environments of Deposition
The high percentage of clay-sized material and the massive and

unstratified nature of

Mount Rogers conglomeratic mudstone indicates

deposition directly from glacial ice without winnowing by aqueous

currents.

Tillite may be deposited in terrestrial environments, or

it may be deposited subsqueously as melting shelf ice protrudes from
land into water and releases sediment.

There is abundant evidence

which suggests that Mount Rogers tillite was deposited subaqueously.
Striated and grooved pavements are shaped when thick, debris
laden ice flows over well-indurated rock material.

These features,

which are characteristic of terrestrial glaciation, were not observed

in the study area.

Upper member tillite rests entirely upon penecon

temporaneous sedimentary rocks which appear to have been deposited
subaqueously, as evidenced by the occurrence of varves, turbidites,

massive argillite, and thick units of massive, structureless sand
stone.

Mount Rogers tillite is thickly bedded and displays good lateral
continuity.

Tillitic units range up to 88 meters thick and are common

ly greater than 30 meters thick.

Terrestrial tillites, such as those

of the Pleistocene of the central United States, are generally thin,
rarely exceeding 20 meters in thickness except where accumulated as end

or terminal

moraines (Goldthwait, et al.t 1965; Muller, 1965).

Al

though thick accumulations of terrestrial tillite may be deposited
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locally in basement or topographic lows, it is unlikely that thick
deposits of tillite could be found at several stratigraphic horizons

within a limited geographic area in a terrestrial environment.

Within

a subaqueous environment, however, tillitic units may be deposited over
a wide area and may attain thicknesses limited only by depth of water

and supply of sediment.

Upper member tillite contains angular shale clasts, many of which
are twisted and deformed.

The deformation and angularity of the shale

clasts suggests that they were deposited as soft, cohesive masses of
fine grained material which were deformed by overburden pressure or
non-uniform settling of individual clasts through the matrix.

Shale

clasts which are well-lithified prior to deposition should display

either no deformation or distinct fractures across the clasts, and some
of the clasts should be at least slightly rounded by transport.

If

the Mount Rogers shale clasts were soft, cohesive masses of clay when
they were deposited, then they were probably deposited subaqueously as

grounded glacial ice moved across the bottom of the basin and eroded

fine-grained bottom sediment.

Because it is doubtful that unlithified

masses of clay could remain intact during transport and deposition
within or beneath terrestrial glaciers, the presence of angular, de

formed shale clasts in upper member tillite suggests subaqueous deposi

tion.

The inferred subaqueous depositional environment of Mount Rogers

tillite is thus based on compositional and stratigraphic characteristics

of the unit.

In addition, the nature of the lithologic units with

which tillite interbedded further substantiates a hypothesis of
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subaqueous deposition.
The moderately sorted nature of clay-bearing very fine- to
medium-grained arkosic sandstone suggests that the sandstone was

deposited subaqueously by flows of generally moderate intensity which
emanated from tunnels and crevasses in glacial ice which protruded

from land into a quiet-water.
Common types of large-scale sand bodies encountered in glacial
environments include kame terraces, eskers, braided streams, and

subaqueous outwash deposits (Rust and Romanelli, 1975).

Kame terraces form due to meltwater runoff at the contact between
a valley glacier and its confining wall.

Current-deposition of sand in

a kame terrace will produce a crossbedded sandstone.

Such a unit should

closely overlie an unconformity between younger glacial-periglacial
deposits and older rocks which formed the valley wall during deposition

of the younger material.

Because upper member arkosic sandstone is

massive and does not lie in close proximity to an unconformity, it was
probably not deposited in a kame terrace.

Current-deposition of sand within eskers produces thin, straight
to sinuous, narrow sandstone bodies in which abundant crossbedding,

scour-and-fill, and pebble imbrication are preserved (Reineck and
Singh, 1975; Embleton and King, 1975a).

The paucity of sedimentary

structures and good lateral continuity of bedding rules against deposi
tion of Mount Rogers arkosic sandstone in eskers.

The features of upper member arkosic sandstone are also not com

patible with deposition in braided streams.

The paucity of crossbedding,

horizontal laminations, cut-and-fill structures, fine-grained lenticular
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interbeds and pebble lag deposits in the sandstone argues against

braided stream deposition.

Furthermore, braided stream deposits gen

erally lack the regular, flat bedding contacts, good lateral continu
ity of bedding, and general lateral and vertical consistency of grain

size characteristic of Mount Rogers arkosic sandstone.
Arkosic sandstone of the upper member does not display features
suggestive of deposition in other common sedimentary environments.

The

sandstone is clearly not of aeolian origin because of its clay-rich,
moderately-sorted texture.

Moderate sorting and rarity of current

structures in the sandstone rule against deposition in an intertidal
environment.

Graded bedding is rare and Bouma sequences, water escape

structures and sole marks were not observed in upper member sandstone,

negating deposition by turbidity currents.

Meandering stream systems

are usually not developed in glacial environments, where regional slopes
are high, sediment is abundant, and discharge is seasonsal.

The paucity

of scour features and the vertical and lateral consistency of grain size

further discriminates against a meandering stream depositional environ
ment.

Deposition of arkosic sandstone probably did not occur in a

deltaic environment, as evidenced by the apparent lack of channeling,
lenticular bedding, slumped and contorted beds, sedimentary breccias,
clastic dikes, and gravel lag deposits and the rarity of crossbedding

in the unit.
Most of the arkosic sandstone of the upper member of the Mount
Rogers Formation was probably deposited subaqueously near glacial ice
fronts by meltwater flows emanating from tunnels and crevasses in the

ice (Rust and Romanelli, 1975)(Figure 39).

Flows confined within
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tunnels or crevasses have high compotency, but when fluid leaves its

confined channel and flows into standing water rapid deceleration and
increased depth of flow cause rapid deposition of the coarse fraction

of its load.

Rapid deposition by continuous raining of sand through

the water column results in a deposit which is massive and structure

less and contains admixed clay.

Continuous meltwater runoff from scat

tered orifices on a retreating ice front resulted in good lateral con

tinuity of upper member arkosic sandstone beds.

Deposition by rapid

dumping of sediment rather than by currents produced basal contacts
which are generally regular and show no evidence of scour.

Most arkosic

sandstone displays these features, suggesting deposition by subaqueous

meltwater flows near glacial ice fronts.
Unlike most Mount Rogers arkose, however, the sandstone unit over-

lying the sixth tillite in the Creek Junction sequence dislays welldeveloped festoon crossbeds and flat laminations.

Within the glacial

realm, these sedimentary structures are commonly produced by currents

in braided streams, eskers, and in shallow marine or lacustrine environ
ments .

The sandstone does not display textural features characteristic of
esker deposition.

Because eskers form in tunnels within ice containing

coarse debris, they are characteristically coarse-grained, lacking

large amounts of silt and clay and contain gravel and pebbles.

The

Creek Junction sandstone contains large amounts of admixed silt and clay
and apparently lacks pebbles, ruling against deposition in an esker.

Scoured surfaces and cut-and-fill structures, which are quite
common in braided stream deposits, were not observed in the Creek
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Junction sandstone.

In addition, the unit is interbedded with thick

massive mudstone and tillite containing shale wisps and clasts, which
is not compatible with terrestrial deposition.

The crossbedded and laminated arkosic sandstone in the Creek

Junction sequence appears to be a shallow marine or lacustrine deposit

which may have been deposited in a manner similar to structureless
Mount Rogers sandstone.

Meltwater currents emanating from glacial

tunnels also may have deposited the crossbedded and laminated sandstone.
During this period of deposition, meltwater was released from an ori

fice near the sediment-ice contact so that currents were able to sweep

across the bottom for a short distance before diffusion occurred.
Current features were thus produced in the sand.

Alternatively, the

crossbedding and horizontal laminations observed in this unit may have

been produced post-depositionally by marine or lacustrine currents which
reworked and modified originally structureless sand.

The fine-grained argillite of the upper member represents a quiet
water suspension deposit in which dispersed megaclasts, derived from
the melting of floating ice or thin sheets of winter shelf ice, are

sometimes intermixed.

The thickness, great lateral extent, lack of

mudcracks or other evidence of subaerial exposure, content of admixed
coarse material, and fine internal laminations and varves indicate that

argillite of the upper member of the Mount Rogers Formation was depos

ited in an extensive, quiet, low-energy aqueous environment.

The ab

sence of contorted laminations and bedding, which characterize fine

grained kettle, kame, and glacier-front deposits (Embleton and King,

1975a, b) and the widespread lateral extent of the unit suggests that
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the argillite was not deposited in a shallow-water periglacial setting.
Lacustrine and quiet-water shallow marine environments provide suitable
low energy conditions required for the slow accumulation of widespread

clay deposits.

Upper member argillite can be divided stratigraphically into two
broad classes based on internal characteristics.

Argillite in the

lower portion of the upper member displays well-developed varves and

slumped and contorted bedding, is interbedded with turbidites and

stratified conglomeratic mudstone, and generally lacks admixed sand.

Argillite in the upper part of the upper member is generally massive

or finely laminated, although poorly-developed varves occur locally.

Slumped and contorted beds are rare, and interbedded units include
arkosic sandstone and unstratified conglomeratic mudstone.

Argillite

in this stratigraphic interval commonly contains admixed sand and
gravel.
The upward change in the texture of argillite and conglomeratic
mudstone and the character of the interbedded sandstone and overall up

ward coarsening suggest a change from a predominately quiet-water

setting far-removed from glacial activity, but subject to seasonal sur

face freezing and sources of coarse material, to an environment that
was still basically quiet, but disturbed by ice incursion and floating
icebergs, during depositon of the upper member.

In environments re

moved from glaciers and floating glacial ice, low sedimentation rates

favor deposition of fine-grained material and seasonal freezing allows
formation of fine-grained, well-developed varves with relatively few

large dropstones (Blondeau, 1975).

Turbidity currents may occasionally
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sweep across the bottom, depositing graded sandstone units.

Beyond the

maximum extent of floating glacial ice, ice bergs and thin sheets of
winter shelf ice sporadically release pebbles into quiet-water environ
ments, producing stratified conglomeratic mudstone.

The massive nature

and admixed sand of argillite in the upper part of the upper member
suggests more rapid rates of deposition in which varve deposition is
not favored.

The unstratified nature of interbedded conglomeratic

mudstone is probably a result of continuous raining of material of all

sizes from beneath thick floating glacial ice which remains intact
during warm summer months.

A change from slow rates of deposition in

an environment beyond the summer limit of glacial ice to more rapid
deposition in an environment beneath glacial ice is apparently recorded

within rocks of the upper member of the Mount Rogers Formation.
Other phenomenon which could cause a change in the texture of
upper member argillite include climatic variation, deepening of water,
and a change in water salinity.

A hypothesis involving climatic variation is rejected because a
cold-weather climate prevailed throughout deposition of the entire
upper member, as evidenced by varves and stratified tillite in the

lower part of the member and unstratified tillite and some varves in
the upper part of the member.

Each of these lithologies implies depo

sition in a cold climate.
The change from argillite displaying well-developed varves to

generally massive argillite with less well-developed varves is not a
result of deep-water sedimentation during deposition of generally

massive argillite.

In deep-water environments far from floating ice.
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thick accumulations of varved silt and clay are deposited.

Silt

layers are rapidly deposited by turbidity currents which sweep the

bottom after melting of far-removed glacial ice during the spring or
summer (Kuenen, 1951).

Overlying clay layers are deposited by slow

settling of clay-sized material throughout the year.

Lindsey (1969) and Embleton and King (1975a) note that varves
are rarely found in salt or even brackish water because salt aids in
clay flocculation, producing an unbanded deposit.

Flocculation of

+
+2
4+2
clays in marine water is induced by Na , Ca , K , and Sr present

within sea water, due to cation exchange with clay flakes.

Clay

minerals do not settle in marine water as single grains or solid
aggregates, but as indistinct "interlocking or interweaving strands or

threads of clay in association with occluded water", termed "coacer
vates" by Whitehouse, et Al., (1958); the authors further state that
such clay mineral mixtures may be transported in sea water without
differential transport, producing a massive character upon deposition.

The well-developed varves in the lower portion of the upper
member strongly suggest fresh-water deposition of that portion of the

member.

There is little evidence which would suggest a change in

water salinity prior to deposition of the frequently massive but
occasionally varved argillite of the upper portion of the member.

Although tectonism associated with rifting along the eastern margin of
North America during the Late Precambrian (Hatcher, 1972) could allow

an inland fresh water basin to be flooded with marine water, there is
no direct evidence, such as wildflysch or chaotic deposition or

associated volcanic activity, which would suggest intense tectonism
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capable of causing an influx of marine water in the Mount Rogers area
during upper member deposition.

The characteristic red to maroon color of the upper member
argillite and conglomeratic mudstone may provide information con

cerning the depositional environment of Mount Rogers tillite and

Coloration of upper member argillaceous

associated lithologies.

material is believed to be primary rather than secondary, based on the

following lines of evidence.
The low permeability of argillite and conglomeratic mudstone

precludes flushing by groundwater, indicating that coloration is depo

sitional rather than diagenetic in origin.

Varves deposited in the upper member consist of generally black
but occasionally green silt layers interbedded with red clay layers.
This coloration is due to iron in the ferrous and ferric states,

respectively, which may have been deposited in a colloidal form or
fixed to fine clays.

Because coloration due to metamorphism or tec

tonism should be relatively uniform, the rapidly alternating color of

iron-bearing varved argillaceous material suggests that primary
coloration is preserved.

Additional support for a hypothesis of depositional coloration is
provided by examination of the color of fine-grained materials of units

of similar age in the area.

Siltstone and argillite of the lower

member of the Mount Rogers Formation are gray and green.

In the

Chilhowee Group, which overlies the Mount Rogers Formation, Unicoi

shales are red, purple and green, and Hampton and Erwin shales are

gray to greenish (King and Ferguson, 1960).

Fine-grained sedimentary
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rocks of the Snowbird Group of the Ocoee Supergroup range in color
from black to greenish-gray (Drennen, 1976).

Schwab (1977) notes that

most of the siltstone of the Grandfather Mountain Formation is
greenish-gray.

Lynchburg argillaceous rocks are medium-gray in color

(Brown, 1970). Whereas most of the fine-grained material in each of

these units is black, gray, or green, upper member Mount Rogers

argillaceous material is oxidized to a deep red color.

This indicates

that post-depositional metamorphism or tectonism did not act to
oxidize the iron, supporting a hypothesis of primary coloration.
The red to maroon color of argillite and clay-rich tillite of the

upper member suggests deposition in an environment which was low in

organic matter and non-reducing, implying at least weak circulation of

water in the basin.

Movement of water was not too rapid to prevent

clay deposition, but was of sufficient intensity to insure oxygenation
of the water during most of the period of deposition.

Fine-grained

sediments which are deposited in narrow fjords are characteristically
black, gray, or green due to reducing conditions within stagnant
bottom water.

If the red to maroon color of the clay-sized fraction

of Mount Rogers sedimentary rocks is due to depositional rather than
diagenetic processes, then a model involving deposition in an open,
oxygenated environment is favored over one Involving deposition in a

restricted, stagnant, fjord-like environment.
Conglomerate is a minor constituent of the upper part of the upper
member of the Mount Rogers Formation.

Although two thick units of

conglomerate occur in the lower part of the upper member in the eastern

part of the study area (Blondeau, 1975), only three thin units are
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interbedded with tillite.

Two of these units occur in the lower part

of the Creek Junction sequence and one is present at the Discovery
outcrop.

Conglomerate is absent in all outcrops east of these

westernmost sections.

The three thin conglomerates exposed at the Creek Junction and
Discovery sections lack festoon crossbedding, cut-and-fill structures,

and scoured bases.

The absence of these structures rules against

deposition in braided streams.

The rounding of many of the clasts

clearly indicates that these conglomerates are not talus deposits
formed in a periglacial environment.

The texture of the thin conglom

eratic units and their lack of sedimentary structures suggests that

they were deposited subaqueously in close proximity to crevasses and
tunnels within glacial ice.

Although meltwater confined within narrow

englacial tunnels may be compotent to transport pebbles and small
boulders, these coarse materials are deposited very rapidly when
meltwater moves from englacial tunnels into standing water.

The thin

structureless conglomerates of the westernmost outcrops were probably
deposited at the feet of tunnels and crevasses in glacial ice which
protruded from land into standing water.

A detailed environmental reconstruction is possible based on
lithology, texture, color, and sedimentary structures of rocks of the
upper member of the Mount Rogers Formation (Figure 39).

Glaciers and

floating glacial ice protruded from land into a quiet lacustrine
environment.

Unstratified tillite accumulated beneath continuously-

melting floating glacial ice, while arkosic sandstone and conglomerate
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were deposited near the ice front as englacial meltwater flowed into
standing lacustrine water, quickly depositing its load.

argillite was deposited in quiet water areas.

Massive

In areas beyond the

limit of summer shelf ice, varves and turbidites were deposited. Ice
bergs and thin winter ice sheets sporadically dropped coarse debris
into this quiet, low energy environment, forming stratified tillite.

Rocks of the upper member of the Mount Rogers Formation were

deposited within a large-scale cycle of sedimentation.

The lower

portion of the member was deposited in a distal environment, as evi

denced by varves, turbidites, and stratified tillite.

Proximal counter

parts of these lithologies, which include massive argillite, structure

less sandstone, and unstratified tillite, were deposited in the upper
portion of the member.

The stratigraphic relationship of distal sedi

mentary rocks conformably overlain by their proximal equivalents

indicates that deposition of Mount Rogers glacial sedimentary rocks

took place within a single, large-scale cycle of subaqueous glacial
sedimentation.

Directions of Ice Movement
The glaciers which deposited Mount Rogers tillite flowed into a

lacustrine basin from the present-day east and west sides of the body

of water.

Westward flowing glaciers deposited tillite in the Troutdale

and VA 741 sections, and eastward flowing glaciers deposited tillite

within the sections west of Grindstone Campground.

Evidence supporting

this hypothesis is abundant.
Within the western sections, both net tillite thickness (Figure 19)
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and thickness of the tillitic interval (Figure 18) decrease eastward.

The maximum value of both parameters is recorded at Creek Junction, the
westernmost outcrop in the study area.

The next highest value of each

of the thickness parameters is attained in the Discovery section, which
is located 1.1 kilometers northeast of Creek Junction.

Thickness of the tillitic interval decreases eastward from 525.0

meters at Creek Junction to 352.7 meters at Discovery to 322.0 meters
at Big Hill to 226.2 meters at Weaver's (Figure 18).

The low value of

the thickness of the tillitic interval at the Fire and Brimstone section
is not anomalous; at this outcrop the upper quartz pebble conglomerate
is not exposed, and a significant thickness of tillite and other glacial

drift is probably covered also.

Although it appears that there is also

a rapid southward decrease in thickness of the tillitic interval, it

should be remembered that the Green Cove, Summit Cut, and Big Hill

sections are situated on the Blue Ridge Thrust Sheet, whereas the Creek
Junction, Discovery, Fire and Brimstone, and Weaver's sections are

situated on the Shady Valley Thrust Sheet (Figures 5 and 6)•

Northward

movement of the Blue Ridge Thrust Sheet relative to the Shady Valley
Thrust Sheet has shortened the apparent distance between the two
groups of outcrops.

Although exact palinspastic reconstruction is

impossible, the present geometric relationships of the outcrops on the

two thrust sheets are probably similar to the original depositional
relationships.

Isopachus mapping of the tillitic Interval (Figure 18)

indicates a lobate pattern of deposition in the western half of the
study area.

Values of net tillite thickness (Figure 19) also decrease east
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ward within western sections.

It should be noted that the seemingly

anomalously low thickness values at the Big Hill and Fire and Brimstone
sections are recorded because those outcrops are very poorly exposed;

significant thichnesses of tillite are probably covered and, hence,
were not measured.

Isopachous mapping of net tillite thickness (Figure

19) also suggests a lobate pattern of deposition.

Ice movement from

the west to west-southwest is indicated by the isopach maps.
Eastward sediment transport in the western sections is also

suggested by the number of tillitic units present at individual out

crops (Figure 20).

A maximum value of 9 tillites is recorded at Creek

Junction, the westernmost section, and a progressive eastward decrease
in the number of tillites per outcrop is recorded.

The presence of

only one tillite at the Summit Cut outcrop appears anomalous.

Tillite

in this outcrop is covered with thick soil and vegetative cover;

because spot sampling by excavation did not reveal samples displaying
gross textural or compositional variation and did not unearth non-

tillitic lithologies, assignment of more than one tillite to the Summit
Cut section is speculative.
Consideration of the diameter of the largest tillitic clast

observed at each outcrop lends support to the hypothesis of eastward

sediment transport in the western sections (Figure 34) .

The largest

tillitic clast in the study area, measuring 52 centimeters in diameter,

was deposited in the fourth tillite of the Creek Junction sequence. An

eastward decrease in the maximum clast size per outcrop is noted in
the western sections.

There is also lithologic evidence which suggests eastward sediment
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transport in the western part of the study area.

Conglomerate, which

is the coarsest non-tillitic lithology in the unit, is present only in

the two westernmost sequences.

This geographic distribution of con

glomerate indicates that the strongest current activity prevailed in

the westernmost part of the region, implying proximality of the Creek

Junction and Discovery sequences relative to other sequences in the
western half of the study area.

Facies arrangement, net tillite thickness, thickness of the
tillitic interval, number of tillitic units per section, and maximum

tillitic clast size within a section thus clearly indicate eastward

sediment transport in the western half of the study area.
Sediment transport in an easterly direction can not be applied,
however, to sections in the eastern half of the study area.

The VA 741

sequence is clearly distal to the Troutdale sequence, based on several

lines of evidence.
Only one tillitic unit is present at VA 741, whereas the Troutdale

sequence contains five tillitic units.

Net tillite thickness at VA 741

is 7.0 meters, as compared to a net tillite thickness of 54.3 meters

at Troutdale.

The thickness of the tillitic interval at Troutdale is

132.3 meters; this value decreases to 58.6 meters at VA 741.
Textural data also indicates proximality of the Troutdale sequence
relative to the VA 741 sequence.

rich.

VA 741 tillite is extremely clay

Matrix content of VA 741 tillitic samples averages 68.95 percent

and reaches a maximum value of 89.15 percent, whereas matrix percentages

of Troutdale tillite average 42.74 and range up to 54.46.

Values of

(a + b)/2 for tillitic grains greater than 0.06 millimeters in
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diameter average 0.33 millimeters in VA 741 tillite, whereas the
average value of this parameter in Troutdale tillite is 0.57 milli
Values of (a + b)/2 for fine through coarse sand-sized

meters.

tillitic grains in VA 741 tillite average 0.39 millimeters; an average
value of 0.53 millimeters for this parameter is recorded in Troutdale
tillite.
Textural characteristics, thickness data, and number of tillitic

units per section suggest that the VA 741 sequence is distal to the

Troutdale sequence.

A westward component of sediment transport is

indicated in the eastern half of the study area.

An outcrop located in an unnamed road approximately 0.3 kilo
meters west of the entrance to Grindstone Campground is situated

approximately halfway between VA 741, the most distal of the eastern
sequences, and Weaver’s, the most distal of the western sequences.

In

this sequence, tillite is absent from the tillitic interval, and the
tillitic interval measures only 43.3 millimeters in thickness.

This

sequence is clearly the most distal in the study area, and probably was

deposited near the center of the basin in which sedimentary rocks of
the upper member accumulated.

Type of Glacier
Tillite and other glacial drift of the Mount Rogers Formation
were probably deposited by piedmont glaciers.

Piedmont glaciers form due to the coalescence of valley glaciers
at the foot of highland areas.

Large masses of ice fill mountain

valleys, and spread across lowland areas as broad lobes, and may extend
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to the sea.

An example of a modern piedmont glacier is the Malaspina

Glacier of the coastal plain of southeastern Alaska (Sharp, 1958).
Piedmont glaciers commonly fill basins to a depth of a few hundred
meters (Sharp, 1958).

Upon ice recession, the basin may be filled with

large volumes of glacial drift.

Support for a theory involving piedmont glaciation is provided
by stratigraphic, regional geologic, and tectonic interpretations.

Bidirectional ice flow of Mount Rogers glaciers is indicated by

thickness, textural, and lithologic data.

This interpretation favors

piedmont and valley glaciation over continental glaciation because

directional data are nearly constant over a small geographic area in a

region affected by continental glaciation.
Although glacial deposits have been identified in the Mount

Rogers Formation, other upper Precambrian deep and shallow marine and

terrestrial sequences of the Appalachian Mountains show no evidence of

glacial activity.

Tillites have been identified in upper Precambrian

rocks of Spitsbergen, Norway, Sweden, Scotland, and eastern Greenland,

but are absent in upper Precambrian sequences of Normandy, the Cale

donian fold belt of Great Britain, and western and northern Greenland.
Because palinspastic reconstructions place the northwestern European
region in close proximity to the eastern margin of North America during
the late Precambrian, climatic conditions during deposition of the

European rocks were similar to those of the North American rocks.

The

non-systematic geographic distribution of tillite in upper Precambrian

rocks on both sides of the Atlantic Ocean suggests localized glac

iation of limited geographic areas rather than widespread glaciation
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of large geographic areas.

This pattern of late Precambrian glacial

activity favors piedmont or valley glaciation over continental glac

The distribution of tillites may, however, reflect chances of

iation.

preservation of rocks rather than original depositional distribution.
The tectonically active nature of the late Precambrian eastern

continental margin of North America (Hatcher, 1972) suggests that
uplifted highland areas existed in the region at that time (Schwab,
1974, 1977; Dickinson, 1974).

The moderate to high relief of the Mount

Rogers area during the late Precambrian fits well with a model in

volving piedmont or valley glaciation.

A hypothesis involving continental glaciation of the Mount Rogers
area during the late Precambrian is therefore rejected, based on sedi

ment transport directions, the scattered occurrence of upper Precam

brian glacial deposits around the North Atlantic, and the physiographic
setting of the area.
Mount Rogers glacial sedimentary rocks are probably subaqueous in

origin, and they rest entirely upon penecontemporaneous sedimentary

rocks.

This sedimentologic and stratigraphic interpretation favors

piedmont glaciation over valley glaciation, because sedimentary rocks
derived from valley glaciation are terrestrial in origin and rest above
above an unconformity between younger glacial material and older rocks

which formed the valley floor.

In addition, the preservation potential

of deposits of valley glaciers in the geologic record is low, because

these deposits accululate on steep slopes in terrestrial environments.
Large-scale fluctuations of sea level are also required in order to

bury and preserve deposits of a valley glacier.
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The absence of an unconformity beneath Mount Rogers glacial drift,

the stratigraphic relationship of upper member tillite to underlying

rocks, and the low likelihood of preservation of deposits of valley
glaciers in the geologic record thus favor a hypothesis of piedmont

glaciation of the Mount Rogers area during the late Precambrian.

Physiography and Provenance
Mount Rogers piedmont glaciers eroded a plutonic-metamorphic and

volcanic source terrane of moderate to high relief.

Erosion of Gren

ville gneisses and schists and associated acidic plutonic rocks pro
duced sediment rich in granite, granitic gneiss, vein quartz, and
biotite, muscovite, and chlorite schist.

Volcanic activity dated at

820 million years ago (Rankin, et Al., 1969) yielded rhyolitic rock

fragments.

Volcanism which was penecontemporaneous with glacial depo

sition, possibly associated with initial stages of rifting of the

eastern margin of the North American continent (Hatcher, 1972), added

a minor amount of basaltic rock fragments to Mount Rogers tillites.
Local sources added penecontemporaneous sedimentary rock fragments.
Relief in the Mount Rogers area during upper member deposition

was moderate to high.

This interpretation is based on evidence indi

cating rifting of the eastern continental margin of North America
during the late Precambrian (Hatcher, 1972; Rankin, 1975; Stewart,

1976).

Such tectonism causes uplifting and down-dropping of crustal

blocks, producing moderate to high relief (Dickinson, 1974).

Similar

rift zone deposits in the Carboniferous of southeastern Canada (Schenk,
1969), the Triassic of eastern North America (Krynine, 1950; Rodgers,

133

1967), and the modern Red Sea area (Hutchinson and Engels, 1972) attest

to moderate to high relief during tectonism.
The Ocoee Supergroup and the Swift Run, Lynchburg, Grandfather

Mountain, and Mechum River Formations are thick upper Precambrian

clastic sedimentary units of the southern Appalachian Mountains which
are correlative with the Mount Rogers Formation.

Each of these units,

as well as the Mount Rogers Formation, contain arkose and conglomerate,
indicative of erosion of a nearby uplifted acidic plutonic source

terrane.

The Snowbird Group of the Ocoee Supergroup (Drennen, 1976),

the Mechum River Formation (Schwab, 1974), and the Grandfather Mountain
Formation (Schwab, 1976) are attributed to deposition in alluvial fans,
which form in areas of moderate to high relief.

Regional geologic

considerations thus further substantiate a hypothesis of moderate to
high relief in the Mount Rogers area during the late Precambrian.

SUMMARY

The Mount Rogers Formation of southwestern Virginia is one of

several upper Precambrian assemblages of interbedded volcanic and
immature clastic sedimentary rocks exposed in the Blue Ridge Province

of the southern Appalachian Mountains.

Included within the upper mem

ber of the Mount Rogers Formation are thick, widespread units of mas
sive conglomeratic mudstone interpreted as tillite.

The tillite is

interbedded with arkosic sandstone, conglomerate, varved and non-varved
argillite, and greywacke interpreted as turbidites.

Mount Rogers tillite contains rock fragments of granite, granitic

gneiss, vein quartz, schist, rhyolite, basalt, and shale.

This diver

sity of lithologic components indicates erosion of plutonic-metamorphic
and volcanic source terranes with influx of penecontemporaneous sedi

ment.
Glacial drift in the upper part of the upper member was deposited
by piedmont glaciers which flowed from highland areas to the east and
west of a lacustrine basin.

Floating glacial ice protruded from land

into a large glacial lake and deposited unstratified tillite by con

tinuous slow melting.

Structureless sandstone and conglomerate were

rapidly deposited near submerged glacial ice fronts as englacial melt

water flowed into standing water and suffered a decrease in compotency.
Argillite, generally massive but sometimes displaying poorly-developed

varves, was deposited in quiet, low-energy areas of the glacial lake.
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These lithofacies conformably overlie well-developed varves, turbidites,
and stratified tillite which are distal counterparts in an environment

of subaqueous glacial deposition.
This stratigraphic succession and overall upward coarsening sug

gest that upper member sedimentary rocks were deposited during a single,
large-scale cycle of subaqueous glacial deposition. Nine periods of ice

advance and retreat during this cycle are indicated in the stratigraphic
sequence of the upper part of the upper member.

Analysis of textural characteristics and stratigraphic position of
tillites in three well-exposed sections led to identification and cor

relation of five till sheets in the western part of the study area.
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APPENDIX 1

QUANTITATIVE FIELD DATA

Quantitative measurements of texture and composition were made
within tillitic units.

At individual sampling localities a 50 centi

meter by 50 centimeter grid sampling device with a 5 centimeter wire
spacing was placed on the outcrop, and percentages

of clasts greater

than 2 millimeters, 1.27 centimeters, 2.54 centimeters, and 5.08

centimeters in diameter were recorded.

The diameter of the largest

clast lying stratigraphically within 1.5 meters of the sampling
locality was recorded.

recorded.

The percentage of sand within the tillite was

A qualitative measurement of pebble shape was made.

The

presence and nature of clast orientation were noted.

The lithology and abundance of various types of rock fragments
were noted.
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APPENDIX 2

PEBBLE ORIENTATION PROCEDURE

In order to study the orientation of clasts within Mount Rogers

tillite, large oriented blocks of tillite were collected.

After a

suitably-sized block was located on the outcrop, the strike and dip

of a convenient outcrop face was measured and recorded.

In the lab, the block was placed in a large container filled with
sand.

The measured outcrop face was reoriented to its original orien

tation using a Brunton Compass.
sample could then be determined.

parallel to bedding.

The orientation of bedding within the
The large block was cut along a plane

The larger of the two resultant blocks was then

halved along a plane perpendicular to bedding.

The original large

block was thus cut into three smaller blocks along planes parallel and

perpendicular to bedding.

Each of the smaller blocks was then cut into

a series of parallel slabs, so that three sets of mutually perpen
dicular slabs were derived.
The orientation of the long axis of all pebbles having a : b

ratios greater than or equal to 1.5 was recorded, so that the presence

of a preferred long axis orientation could be noted, if present.
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APPENDIX 3

POINT-COUNT PROCEDURE

Because Mount Rogers tillites contain variable but always high

percentages of matrix, a point-count procedure which compared equal
numbers of sand-sized grains, rather than points, was necessary.
The technique used in this study consisted of counting the first 100

sand-sized grains encountered within traverses across the thin-section.

The number of points at which the microscope cross-hairs landed upon
matrix was recorded, so that the percentage of matrix could be

determined.

Point-count data was used to determine the following textural
parameters: percentage of matrix; degree of rounding of grains between

0.125 and 1.0 millimeters in diameter; one-half the sum of the a and b
axes of all grains greater than 0.06 millimeters in diameter; one-half
the sum of the a and b axes of all grains between 0.125 and 1.0 milli

meters in diameter; and the ratio of the number of grains between 0.125
and 1.0 millimeters in diameter to the number of grains greater than

0.06 millimeters in diameter.

Compositional parameters derived from point-count data included
the ratio of quartz grains to feldspar grains and the ratio of granitic
rock fragments to volcanic rock fragments.
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APPENDIX

STATISTICAL

ANALYSIS

4

PROCEDURE

Point-count and quantitative field data in this study were

analyzed using the Statistical Analysis System (SAS) at Louisiana
State University.

The techniques of analysis of variance (ANOVA)

and cluster analysis were applied.

Cluster analysis involves the heirarchical grouping of samples

based upon certain key variables.

In this study, 100 samples from 9

outcrops were grouped using 9 key variables.

The point-count variables

used were those listed in Appendix 3, and the field-derived variables
included the thickness of the tillitic interval at individual outcrops

and the diameter of the largest tillitic clast encountered in
individual sections.

Samples are compared with each other based on the key variables,

and pairs of samples which are most similar are grouped together into

stations.

These stations are then grouped with other stations to

form larger clusters, so that the clustering is heirarchical (Johnson,
1967).

Samples and clusters are listed on the vertical axis of the

phenogram; the horizontal axis is a distance matrix which measures
the similarity between clusters, determined by the point at which a

vertical line connecting successive groupings within the phenogram
intercepts the x-axis.

Clusters grouped at low values of the

distance matrix are most similar, whereas clusters grouped at higher

values of the distance matrix are less similar.
The phenogram indicates that variation is greater between
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(cont.)

outcrops than within outcrops, i,.e^. , samples within an outcrop are

more similar to each other than to samples at similar stratigraphic
horizons in other outcrops.

At a value of 0.14 on the distance matrix,

the samples fall into 5 clusters.

Cluster 1 consists of those samples

in the Weaver's, Big Hill, Creek Junction, and Discovery outcrops.

At the next lowest value of the distance matrix, Cluster 1 divides
into groupings consisting of the Weaver's and Big Hill outcrops and

the Discovery and Creek Junction outcrops.
Green Cove and Fire and Brimstone sections.
the Troutdale and Summit Cut outcrops.

Cluster 2 consists of the

Cluster 3 consists of

Cluster 4 consists of the

VA-01 sample, and Cluster 5 consists of sample VA-02.

At the next

highest value of the distance matrix, Clusters 4 and 5 group into a

single cluster.
Because cluster analysis is not quantifiable, no confidence
interval may be determined (Drennen, 1976).

APPENDIX 5

MEASURED SECTIONS

Note:

For location of the following
measured sections see Figure 1.
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BIG

HILL

SECTION

Quartz pebble conglomerate
Massive maroon claystone
BH-06

BH-05

4---------

BH-04

'BH-03

Tillite consisting of 15% pebbles,
15% sand, 70% silt and clay.
Largest clast is 15 cm in diameter
Massive maroon claystone.
Well-indurated tillite containing 10%
pebbles, 20% sand, 70% silt and
clay. Largest clast is 9 cm;
largest 10% of clasts are greater
than 4.5 cm in diameter.
Poorly exposed tillite containing 15%
pebbles, 25% sand, 60% silt and
clay.

Pebble-rich massive maroon tillite.
Rock contains 25% pebbles, 25%
sand, 50% silt and clay.
Poorly exposed conglomeratic mudstone
containing 5% pebbles, 35% sand,
60% silt and clay.
Tillite containing 5% pebbles, 40%
sand, 55% silt and clay.
pebble
composition is as follows: 80%
granite and granitic gneiss, 15%
schist, 5% rhyolite, trace quartz
Tillite containing 8% pebbles, 30%
sand, 62% silt and clay.
Shale
clasts are present.

BH-02

BH-01

Poorly exposed tillite containing 10%
pebbles, 30% sand, 60% silt and
clay.
Largest clast is 7 cm in
diameter.
Rock contains
Massive maroon tillite.
30% pebbles, 25% sand, 45% silt
and clay.
Poorly exposed heavily weathered
tillite. Percentage of pebbles is
indeterminate; sand content is 15%
Medium to fine grained arkosic SS.

152 ’

JUNCTION SECTION
Massive maroon mudstone

Heavily weathered tillite consisting
of 12% pebbles, 15 to 20% sand,
68 to 73% silt and clay.
Largest
clast is 20 cm; largest 10% of
pebbles are greater than 5 cm in
diameter.
Shale clasts are not
present.
Pebbles appear to be
randomly oriented,
pebble
composition is as follows: 95%
granite and granitic gneiss, 5%
quartz.
Massive maroon claystone
Poorly exposed very thick unit of
sandy maroon tillite.
Rock
consists of 8 to 15% pebbles,
20 to 35% sand, 50 to 72% silt
and clay.
Shale clasts are not
present.
Pebbles appear to be
randomly oriented.
Granite,
granitic gneiss, vein quartz, and
rhyolite are only pebbles visible
due to heavy weathering of the
tillite .

Well-indurated medium to fine grained
moderately sorted arkosic sand
stone. Grains are angular to
subangular.
Festoon crossbedding
and flat laminations are common
in this unit.

CREEK

JUNCTION

SECTION

(cont.)

1.5 3

Thick unit of poorly indurated
tillite. Rock consists of 15
to 20% pebbles, 12 to 15% sand,
65 to 73% silt and clay.
Largest pebble is 11 cm; largest
10% of clasts of pebble size
are greater than 5 cm in
diameter.
Pebbles appear to be
randomly oriented.

Massive unit of medium-grained
clay-rich buff-colored arkosic
sandstone

Thin unit of tillite consisting of
15% pebbles, 5% sand, 80% silt
and clay.
Shale wisps are
present. Elongate and disc
shaped pebbles are oriented
parallel to bedding.
Massive maroon claystone
Poorly exposed tillite containing
10% pebbles, 10 to 12% sand, 78
to 80% silt and clay.
Shale
clasts are present.
Pebbles are
either randomly oriented or
oriented parallel to bedding.

Fine-grained clay-rich arkosic
sandstone.
Unit displays
horizontal laminations in upper
two-thirds of the interval.

CREEK

JUNCTION

SECTION

(cont.)

154

Fresh exposure of dark-colored
massive tillite.
Rock consists
of 8% pebbles, 10% sand, 82%
silt and clay. Pebble composition
is as follows: 80% granite and
granitic gneiss, 15% rhyolite,
5% schist. Largest clast is 52
cm in diameter.
Very fine-grained subarkosic sand
stone
Matrix-supported maroon tillite
consisting of 15% pebbles, 5 to
10% sand, 75 to 80% silt and
clay,
pebbles display strong
preferred orientation at about
45° to bedding.
Pebble compo
sition is as follows: 80% granite
and granitic gneiss, 15% schist,
3% rhyolite, 2% basalt.
Massive very fine siltstone to
claystone
Well-indurated massive maroon
tillite. Rock consists of 20 to
30% pebbles, 5 to 10% sand, 75
to 80% silt and clay.
Largest
clast in unit is 30 cm; largest
10% of pebbles are greater than
6.5 cm in diameter. Pebbles
appear to be randomly oriented.

Grain-supported conglomerate with
clasts up to 32 cm in diameter
Pebble-rich maroon tillite consisting
of 50% pebbles, 15% sand, 35%
silt and clay.
Grain-supported conglomerate with
clasts up to 1.5 m in diameter
Fine-grained resistant arkosic SS
with a few small-scale crossbeds

DISCOVERY

SECTION

155’

Non-varved clayey siltstone.

Conglomerate.
Generally matrixsuppor ted.
Fresh tillite outcropping.
10 %
of the rock is composed of
clasts.
Elongate and disc
shaped clasts tend to lie
parallel to bedding.
Red
hematitic clay matrix.
Thin bed of massive tillite.
Con
tains 5% sand, 6% pebbles, 89%
maroon silt and clay.

Silty clay grading upward into
sandy siltstone.
Faintly
laminated in places.

Weathered conglomeratic mudstone.
Largest clast is 17.5 cm in
diameter; largest 10% of clasts
greater than 7.5 cm.
Clast
composition as follows: 85%
granite and granitic gneiss,
8% schists, 3% rhyolite, 3%
basalt, 1% vein quartz.

Massive maroon tillite.
Pebble
content about 12%.
Largest 10%
of clasts are greater than 1 cm
in diameter.
Maximum clast size
is 1.5 cm.
Matrix is sandy
maroon mudstone.
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DISCOVERY

SECTION

(cont.)

Non-varved claystone.

Poorly exposed tillite.
Largest
clast is 2 cm in diameter.

Highly fractured tillite.
Contains
30% sand, 10% granules to pebbles
and 60% silt and clay.
Largest
clast is 9 cm in diameter;
largest 10% of clasts greater
than 4 cm.

Moderately sorted subangular buff
colored subarkosic sandstone.
Siltstone with clay streaks.
No
varves.
Less than 1% dropstones.

Poorly exposed maroon tillite.
Composed of 20% sand, 15%
granules to pebbles, 65% silt
and clay.
No orientation of
clasts noted.

BRIMSTONE

SECTION
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Well-indurated pebble-rich tillite.
Rock consists of 20% pebbles, 20%
sand, 60% silt and clay.

Massive maroon claystone
Poorly exposed tillite containing 12%
pebbles, 30% sand, 58% silt and
clay.
Largest clast measures 20
cm; largest 10% of clasts are
greater than 9 cm in diameter.
Composition of pebbles is as
follows: 90% granite and granitic
gneiss, 4% rhyolite, 4% schist, 2%
basalt.
Pebbles appear to be
randomly oriented.

Heavily fractured tillite texturally
similar to underlying tillite.
Rock contains 15% pebbles, 10% sand
and 75% silt and clay.
Largest
clast is 28 cm in diameter.
pebble-rich matrix-supported tillite.
Rock consists of 18% pebbles, 12%
sand, 70% silt and clay.
Largest
clast is 18 cm in diameter.

Massive maroon tillite texturally
similar to underlying tillite.
Matrix consists of maroon sandy
hematitic clay.
Thick unit of well-indurated tillite
consisting of 8 to 10% pebbles, 10
to 12 % sand, 78 to 82% silt and
clay.
Pebble composition is as
follows: 95% granite and granitic
gneiss, 5% quartz, trace basalt.
Largest clast is 21 cm; largest 10%
of pebbles are greater than 6 cm
in diameter.
Well-sorted fine-grained arkosic SS.

GREEN

COVE

SECTION
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Quartz pebble conglomerate
Coarse-grained arkosic sandstone
with about 5% pebbles

This tillite and the three exposed
beneath it are similar in
texture and composition. Pebble
content varies between 8 and
15%, sand content between 10
and 15%, silt and clay content
between 70 and 80%.
Pebbles
frequently oriented approx
imately perpendicular to bedding.
Two tillites are exposed in this
unit.
Tillite in the upper part of this
unit contains 5% pebbles, 30%
sand, 65% silt and clay. Layers
of shale clasts are present.
Contact with underlying tillite
in the unit is deformed.
Lower tillite in this unit contains
10 to 15% pebbles, 15 to 20%
sand, 65 to 75% silt and clay.
Shale clasts more abundant than
in overlying tillite.
Pebble
composition is as follows: 93%
granite and granitic gneiss, 3%
shale, 2% schist, 1% rhyolite,
1% quartz.
Massive maroon tillite containing
4% pebbles, 20% sand, 76% fines
Well-indurated fine-grained tillite
similar in texture and compo
sition to overlying tillite
Tillite containing about 5% pebbles,
20% sand, 75% silt and clay.
Largest clast is 8 cm in diameter.
Apparently continuous with thick
unit below.

GREEN

COVE

SECTION

(cont.)
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Thick exposure of massive tillite
varying in pebble content between
2 and 15% and averaging 5%.
Unit
contains 15 to 25% sand and 60 to
80% silt and clay.
Clasts some
times display a preferred orien
tation almost perpendicular to
bedding.
Largest clast in the
unit is 36.5 cm; largest 10% of
clasts are greater than 25cm in
diameter.

Sandy tillite containing about 5%
pebbles, 30% sand, 65% silt and
clay.
Largest clast is 25 cm;
largest 10% of clasts are greater
than 6 cm in diameter.
Heavily weathered tillite similar to
overlying tillite. Rock contains
5% pebbles, 25% sand, 70% fines.
Buff-colored poorly sorted angular
to subangular arkosic sandstone.

Pebble-rich tillite.
Rock contains
30% pebbles, 15% sand, 55% silt
and clay. Largest clast is 15 cm;
largest 10% of clasts are greater
than 4.5 cm in diameter.
Fine-grained subarkosic sandstone
with less than 2% pebbles

Maroon colored tillite containing
many large clasts.
Largest clast
is 35 cm; largest 10% of pebbles
are greater than 11 cm in
diameter. Rock consists of 10%
pebbles, 15 to 25% sand, 65 to
75% silt and clay.
Pebble com
position is as follows: 95%
granite and granitic gneiss, 4%
schist, 1% shale.
Medium to fine grained moderately
sorted arkosic sandstone

SUMMIT

CUT

SECTION
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Quartz pebble conglomerate

Massive maroon to tan claystone
displaying an upward increase
in silt content
Heavily weathered tillite consisting
of 25% pebbles, 20% sand, 55%
silt and clay.
Matrix is sandy
maroon mudstone.

Poorly exposed sandy tillite
consisting of 25% pebbles, 25%
sand, 50% silt and clay. Largest
clast is 10 cm in diameter.
Pebble composition is as follows:
90% granite and granitic gneiss,
5% muscovite schist, 3% biotite
schist, 2% quartz, trace rhy
olite, trace basalt.

Poorly exposed tillite consisting of
20% pebbles, 15% sand, 65% silt
and clay.
Largest clast is 3.75
cm in diameter.
Medium to fine grained arkosic aren
ite.
Unit coarsens and increases
in feldspar content upward.

TROUTDALE

SECTION

161

Quartz pebble conglomerate
Medium to coarse grained tan
colored arkosic sandstone
Thick unit of massive maroon tillite
containing 5 to 10% pebbles, 25
to 30% sand, 60 to 70% silt and
clay.
Pebbles do not display a
preferred orientation.

Heavily weathered medium grained
arkosic sandstone
Poorly exposed fine-grained tillite
containing 5% pebbles, 35% sand,
60% silt and clay.
Largest clast
is 1.5 cm; largest 10% of pebbles
are greater than 1cm in diameter.
Medium-grained arkosic sandstone
Thick unit of well-indurated tillite
containing 5 to 8% pebbles, 25
to 30% sand, 62 to 70% silt and
clay.
Largest clast is 14 cm;
largest 10% of clasts of pebble
size are greater than 3.5 cm in
diameter.

Finely laminated maroon claystone
Tillite containing 10 to 15% pebbles,
15 to 30% sand, 55 to 75% silt
and clay. Largest clast is 24 cm
in diameter.
Large clasts less
abundant toward top of unit.
Medium to coarse grained moderately
sorted arkosic sandstone
Heavily weathered fine-grained tillite
containing 5% pebbles, 20% sand,
75% silt and clay
Fine-grained poorly sorted arkosic SS
Massive tan-colored claystone

VA

741

SECTION
162

Quartz pebble conglomerate

Medium to fine grained moderately
sorted buff-colored angular to
subangular subarkosic sandstone.
Massive and structureless
throughout.

VA-03
VA-02
VA-04
VA-01

Extremely clay-rich maroon tillite.
Rock consists of less than 5%
pebbles, 5 to 25% sand, 70 to 90%
silt and clay.
Slight upward
coarsening is noted.
pebbles
appear to be randomly oriented.

Finely laminated maroon siltstone

Massive maroon claystone

Medium-grained clay-rich arkosic sand
stone.
Fines upward, becoming
less feldspathic.

WEAVER'S

SECTION
163

Quartz pebble conglomerate
Medium to fine grained arkosic
sandstone
Maroon claystone with a few horizon
tal laminations near base of unit
Buff-colored arkosic sandstone
occasionally displaying
horizontal laminations.

Massive maroon claystone

Medium to coarse grained buff
colored arkosic sandstone

Thick unit of poorly exposed tillite.
Upper two samples contain 20 to
30% sand, while sand content in
lower samples reaches 50% or
more.
pebble content is indeter
minate due to poor exposure,
pebble fraction is dominated
compositionally by granite and
granitic gneiss.
Rhyolite, basalt,
quartz, and sedimentary rock
fragments are also present in the
tillite .

WEAVER'S

SECTION

(cant.)
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Finely-laminated fine-grained rock
grading upward from silty
claystone to claystone

Fine-grained, moderately sorted,
angular to subangular arkosic
sandstone.
Heavily weathered.
Poorly exposed thin tillitic unit
containing 5% pebbles, 30% sand,
65% silt and clay

Maroon siltstone grading upward into
sandy siltstone.
Massive
throughout.

Poorly exposed massive sandy tillite.
Matrix consists of sandy maroon
hematitic clay.
Pebble content
is about 10%.

Finely laminated sandy siltstone
Poorly exposed, heavily weathered
maroon tillite.
Sand content is
about 35%; pebble percentage is
indeterminate due to poor
exposure.
Medium to fine grained arkosic sand
stone.
Massive and structureless.
Fine-grained conglomerate
Medium-grained arkosic sandstone
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J GENERALIZED SEQUENCE OF IKE
UPPER MEMBEP. OF THE
MOUNT ROGERS FORMATION
Quartz pebble conglomerate
Massive, structureless arkosic sandstone

Massive siltstone

Unstratified conglomeratic mudstone

Massive, structureless arkosic sandstone
•>

Massive argillite

Unstratified conglomeratic mudstone

Massive argillite
Massive, structureless arkosic sandstone
Conglomerate
Unstratified conglomeratic mudstone

Thick, widespread unit of generally
massive and structureless arkosic
sandstone
Conglomerate
Varved argillite containing abundant
sand and many dropstones

Graded greywacke
Contorted varved argillite
Stratified conglomeratic mudstone
Slumped and contorted varved argillite
Graded greywacke
Massive argillite
Graded greywacke

Varved argillite containing little sand
and few dropstones

meters

